LIQUID-CRYSTAL ELECTRO-OPTICAI* APPARATUS AND 
METHOD OF MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 
(Field of the Invention) 

The present invention relates to a liquid-crystal 
electro-optical device of a biri f ringence mode using a 
ferroelectric or antif erroelectric liquid-crystal material. 
(Description of the Related Art) 

Recently, attention is paid to liquid-crystal display 
devices (LCD) . Among them, in particular, the liquid-crystal 
display devices of the twisted nematic (hereinafter referred 
to as "TN" ) type using nematic liquid crystal and the super 
twisted nematic (hereinafter referred to as " STN" ) type have 
been widely known and practically used. 

Also, the liquid-crystal display devices of the active 
matrix type using the nematic liquid-crystal material in which 
a switching element such as a thin- film transistor (TFT) is 
provided for each pixel have been extensively developed as the 
device capable of performing high speed, high-contrast and 
mult i -gradation display. 

The fundamental structure of the liquid-crystal 
electro-optical device of the TN type and the STN type will be 
now described. An orientation film is coated on a substrate 
having an electrode, sintered and then subjected to rubbing as 
an orienting process to form a first substrate. Likewise, an 
orientation film is coated on a substrate having an electrode, 
sintered and subjected to rubbing to form a second substrate. 
The first and second substrates are provided so that the 
respective electrodes are opposed to each other, and liquid 
crystal is held between these substrates. 



On contact surfaces between the respective substrates 
and a liquid-crystal layer, the liquid-crystal is aligned in a 
rubbing direction in accordance with a regulating force of 
rubbing - The rubbing directions of the upper and lower 
substrates are shifted from each other by 90° in the case of 
the TN-type device and by 200 to 290° in the case of the STN- 
type device. The liquid-crystal molecules in the vicinity of 
the middle of the liquid- crystal layer are aligned in the 
spiral form so that energy becomes smallest between the 
liquid-crystal molecules positioned at 90 to 290°. 

These liquid-crystal molecules arrayed in the spiral 
form are rearranged in parallel with or perpendicular to a 
direction of an electric field due to the dielectric 
anisotropy of the liquid-crystal molecules by applying voltage 
across the liquid crystal layer, thereby to loose the spiral 
structure thereof. The transmitted light amount is changed in 
such a manner that, when the liquid-crystal molecules are 
perpendicular to the surface of the substrate, it exhibits a 
light state, whereas when the liquid-crystal molecules are in 
parallel therewith, it exhibits a dark state. Also, the state 
of such liquid-crystal molecules is continuously changed in 
accordance with the applied voltage, and the transmitted light 
amount is changed in accordance with the change of the state 
of the molecules. Therefore, a gradation between the bright 
(transmitted) state and the dark (non- transmitted) state, that 
is , a halftone is obtained by properly controlling applied 
voltage. 

Obtaining the halftone is very effective in coloring, 
and the device can cope with full-coloring if a response speed 
of the liquid crystal is satisfactory. 



The nematic liquid crystal has a low response speed of 
100 msec, and therefore does not provide a sufficient 
characteristic for display of an animation or the like which 
requests a high-speed response. 

Also, because the nematic liquid crystal has the 
fluidity, if the device is used in a standing state, the 
liquid crystal is gathered in a lower portion of the device, 
whereby the lower portion of a cell has such a shape as to be 
swelled. As a result, since the thickness of the cell is 
largely changed within the device, coloring or a color shade 
is produced, or the response of the liquid crystal is not 
uniform even though the same voltage is applied thereto. 

Recently, because it is desired that the screen of the 
device is made large and the response speed thereof is made 
high, the above-mentioned problems of the nematic liquid 
crystal comes more serious. 

On the other hand, the LCD using the ferroelectric 
liquid crystal has also been developed. The ferroelectric 
liquid crystal can perform switching operation at high speed 
of several tens Jlsec because the liquid-crystal molecules have 
spontaneous polarization. The ferroelectric liquid crystal or 
the ant if erroelec trie liquid crystal has spontaneous 
polarization, thereby to enable high-speed operation at such a 
response speed of several to several hundreds Jlsec . Thus, it 
responds at high speed more than about three digits. 

In the liquid-crystal electro-optical device using the 
ferroelectric liquid crystal or the antif erroelectric liquid 
crystal, the liquid-crystal molecules can be oriented in 
accordance with a regulating force of orientation if at least 
one of substrates is subjected to an orientating process. 
These liquid-crystal molecules have a laminar structure in 



which they are regularly piled on each other from one surface 
of the substrate toward the other surface thereof. Also, they 
have a laminar structure in a direction parallel to the 
substrate . 

Because of such layer structures, the ferroelectric 
liquid crystal or antif erroelectric liquid crystal is poor in 
fluidity, and in the case where the device is in a standing 
state, there is advantageous in that the thickness of the cell 
is kept constant, thereby to enable uniform display without 
liquid crystal being gathered in the lower portion of the 
device like in the case of a nematic liquid crystal. 

Naturally, in an SmC* phase exhibited by the 
ferroelectric liquid crystal material, liquid crystals are 
oriented so that the long axis of the liquid-crystal molecules 
is inclined by a certain inclined angle with respect to a 
normal (almost parallel to the substrate) of a layer provided 
in the liquid-crystal material, and this forms a spiral 
structure in which the liquid-crystal molecules have the 
direction of orientation vector which is twisted from one 
layer toward another layer in a bulk state, and because the 
spontaneous polarization having the liquid-crystal molecules 
is offset as a whole, f erroelectricity cannot appear. 

Therefore, there has been proposed a liquid-crystal 
electro-optical device of the so-called surface stabilizing 
type exhibiting f erroelectricity by Clerk. In the 

fundamental structure, the ferroelectric smectic liquid- 
crystal material is held between a pair of substrates having 
the electrodes, and the liquid-crystal molecules are arranged 
in parallel with the substrate and optically uniaxially 
oriented so that a layer having a liquid-crystal material is 
formed perpendicular to the substrate or inclined with respect 
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to the substrate. At this time, an interval between the pair 
of substrates is set to about 1 pm so that the spiral 
structure taken by the liquid-crystal material in the bulk 
state is loosened. Further, as a result of loosing the spiral 
structure, the directions of the orienting vectors taken by 
the liquid-crystal molecules are in two stable orienting 
states, that is, bistable orienting states. 

With the above-mentioned structure, the polarity of an 
electric field applied to a pixel electrode is inverted so 
that a high-speed response can be made between the above- 
mentioned two states by torque resulting from a product of 
spontaneous polarization possessed by the liquid crystal and 
the electric field applied by the electrodes. 

The orientation of the spontaneous polarization 
possessed by the liquid-crystal molecules per se is changed by 
180 ° (hereinafter referred to as "inversion") by applying 
voltage between the substrates. The liquid-crystal molecules 
has an orientation which is changed by a certain angle with 
respect to the optically uniaxially orienting direction, and 
the orientation of the liquid-crystal molecules is inverted by 
applying voltage, thereby to perform switching operation from 
a bright (transmission) state to a dark (non-transmission) 
state, or from the dark state to the bright state. 

Since the liquid-crystal electro-optical device using 
nematic, ferroelectric or antif erroelectric liquid crystal 
utilize the optical anisotropy of the liquid molecules, it has 
polarizing plates outside of both the substrates to obtain an 
electro-optical characteristic . 

In the case of using the ferroelectric or 
antif erroelectric liquid-crystal material, an optical axis of 
one polarizing plate is matched with a direction in which one 



orienting state is exhibited in either of two stable states, 
and the other polarizing plate is disposed so as to be 
optically axially perpendicular to the one polarizing plate. 

As a method of uniaxially orienting the liquid-crystal 
molecules, there has been known a method of forming a means 
for providing an orienting regulating force, which makes the 
liquid-crystal material uniaxially oriented (hereinafter 
referred to as "uniaxial orientation means"), on a surface 
which is in contact with the liquid- crystal material of the 
substrates, between which the liquid crystal is held. The 
rubbing method has been typically known. The rubbing method 
is a method in which an orientation film having a thickness of 
100 to 500 A, which is usually made of organic macro-molecules 
or the like, is formed on a surface having the electrode of 
the substrate, and the surface of the orientation film is 
rubbed with cloth or the like in one direction (rubbing 
process) , thereby to provide an optically uniaxial orienting 
regulating force which allows the liquid-crystal molecules to 
be arranged on the orientation film in one direction. The 
surface of the substrate or the electrode may be directly 
subjected to the rubbing process. The rubbing method is 
widely used in the TN-type or STN-type liquid crystal electro- 
optical device using the nematic liquid crystal, and also most 
generally used in the ferroelectric liquid crystal as an 
excellent orienting method which is simple and easy in making 
the area of the liquid crystal large. 

Since the ferroelectric liquid crystal has a high 
orderliness and a layer structure, once the liquid crystal is 
oriented, the orientation thereof is not disordered as far as 
the layer structure is not destroyed. Therefore, it is not 
limited to the orientation using the rubbing method, and even 



in the orienting method using no orientation film, that is, 
performing only an initial orientation, such as a shearing 
method, a magnetic orienting method, a temperature gradation 
method or the like, the liquid-crystal molecules are 
sufficiently oriented, thereby to enable switching operation. 
However, these methods are used experimentally, however, 
because they require much time for orienting the liquid- 
crystal material and are improper for manufacturing of a 
large-area device so as to be not practical, they are not much 
used industrially - 

Also, as another method, there is a rhombic vapor 
deposition method in which SiO or the like is obliquely vapor- 
deposited with respect to the surface of the substrate, 
however, there is a problem in productivity. Further, when 
the rhombic vapor deposition method is applied to the large- 
area substrate, there arises such a problem that differences 
in vapor-deposition angle, vapor-deposition orientation or the 
like between the respective points on the substrate cannot be 
ignored. Therefore, in the current ferroelectric liquid- 
crystal electro-optical device, the rubbing method is used as 
the orienting method which is widely industrially used. 

Further, because the ferroelectric liquid crystal or 
the ferroelectric liquid crystal can be switched at a higher 
speed by about three digits in comparison with the nematic 
liquid crystal, an on-state and an off -state are controlled 
every display frame to perform gradation display in accordance 
with a display time, that is, to enable so-called frame 
gradation display. A digital gradation display with multi- 
gradations can be performed by controlling the on/off period 
in the form of a digital value by using TFTs . The details are 



disclosed in Japanese Patent Unexamined Publication No. 6- 
102486 published April 15, 1994 by Konuma et al . 

In this case, an amorphous silicon TFT may be used for 
the TFT, However, for the purpose of allowing the TFT to cope 
with the high-speed switching operation of the ferroelectric 
liquid crystal and of obtaining a higher speed, a multi- 
gradation and a high contrast ratio in the digital gradation 
display, injection of charges into a pixel is necessary to 
perform more smoothly. For this reason, there is used a 
crystalline silicon TFT which is operated at higher speed than 
the amorphous silicone TFT by about four digits and capable of 
allowing large current necessary for sufficiently inverting 
spontaneous polarization to flow. 

When an optically uniaxially orientation means is 
provided on a surface of substrates between which 
ferroelectric or antif erroelectric liquid-crystal material is 
interposed between the substrates with the orientation means 
being in direct contact with the liquid crystal, there has 
arisen a problem on the switching operation of the liquid- 
crystal molecules. 

For example, in the case of using a rubbing method, in 
a process where the liquid-crystal material is gradually 
cooled after it has been injected into the cell, although the 
rubbing direction and the orienting vector have been arranged 
in parallel with each other in the SmA phase, the liquid- 
crystal molecules provide an inclined tilt angle with respect 
to a normal of the smectic layers when the SmA phase is 
transit to the SmC* phase. Therefore, the orienting vector of 
the liquid-crystal molecules is not arranged in parallel with 
the rubbing direction, as a result of which a bistable stable 
can be obtained. However, since the above-mentioned rubbing 



direction exists in an intermediate position between the two 
stable states of the liquid-crystal molecules, the liquid- 
crystal molecules are affected by the optically uniaxial 
orientation controlling force during the switching operation, 
thereby to obstruct the switching operation of the liquid- 
crystal molecules. 

On the other hand, although the orienting method using 
a physical means such as the above-mentioned shearing method, 
the magnetic orienting method, the temperature gradation 
method is not so practical for mass production, because what 
produces the optically uniaxial orientation regulating force 
does not exist after the liquid-crystal material is oriented, 
the switching operation is not obstructed so that an excellent 
switching characteristic is obtained. 

Therefore, in the ferroelectric liquid-crystal 
electro-optical device where an optically uniaxially 
orientation means is formed on a surface which is brought in 
contact with the liquid-crystal material to orient the liquid- 
crystal molecules, there have arisen such problems that the 
switching speed is lowered, the switching operation is 
insufficiently performed or the like, in comparison with the 
liquid-crystal electro-optical device where the liquid-crystal 
molecules are oriented by the shearing method, the magnetic 
orienting method, the temperature gradation method or the 
like. 

Further, in the liquid-crystal electro-optical device 
using the ferroelectric liquid crystal or the 
antif erroelectric liquid crystal, more particularly, in the 
so-called surface stabilizing ferroelectric liquid crystal 
(SSFLC) having a substrate gap of several |im and a structure 
for restraining the spiral structure of the liquid-crystal 



molecules, because it has the bistable property, the obtained 
light transmission state has only two bright and dark states, 
as a result of which the halftone obtained by using the 
nematic liquid crystal could not been obtained. That is, the 
amount of the transmitted light could not be continuously 
changed in accordance with the state change of the liquid- 
crystal molecules. 

In the case where the polarity of an electric field is 
inverted to switch between a first state and a second state, 
the SSFLC device performs the switching operation between the 
above-mentioned two states if the liquid crystal is driven by 
the strength of the electric field more than a saturation 
voltage. However, when the strength of the electric field is 
gradually changed, switching is not performed by uniformly 
changing the amount of the transmitted light of the entire 
liquid-crystal material in a region to which the electric 
field is applied, but the following switching is usually 
performed. For example, when switching is made from the first 
state to the second state, a region where the first state is 
inverted into the second orienting state (hereinafter referred 
to as "domain") occurs in a region where the first state is 
exhibited. Under the condition, when the strength of the 
electric field is further increased, an area of the domain is 
enlarged thereby to move to the second state. 

One of methods of obtaining a halftone in the liquid- 
crystal electro-optical device using the ferroelectric liquid 
crystal or the antif erroelectric liquid crystal, using the 
above-mentioned property, is the area gradation method. 

Observing a process of inverting the liquid-crystal 
molecules of the ferroelectric liquid crystal or the 
anti ferroelectric liquid crystal with a polarization 



microscope, voltage is applied so that the dark-state region 
occurs in the bright-state region or the bright-state region 
(hereinafter referred to as "domain") occurs in the dark-state 
region in a specified region to which voltage is applied. 
Further, when voltage is kept applied, the area of each domain 
is widened in such a manner that the bright state comes to the 
dark state or the dark state comes to the bright state as the 
whole specified region. 

The area gradation method is to control the area of 
the bright or dark domain within one pixel by controlling 
applied voltage, using the fact that the dimensions of the 
domain are slightly changed with the change of the applied 
voltage, thereby to obtain a halftone. 

Further, in the surface stabilizing type liquid- 
crystal electro-optical device using the ferroelectric liquid 
crystal or the antif erroelectric liquid crystal, there is a 
pixel dividing method as another method of obtaining a 
halftone- This method is to constitute one pixel by a 
plurality of small pixels so as to obtain a halftone by 
combination of two bright and dark states of the respective 
small pixels. 

For example, when one pixel is constituted by four 
small pixels, the darkest or brightest state makes all of the 
four small pixels in the dark or bright state. Also, when a 
halftone is to be obtained, for example, one of four small 
pixels is kept in the dark state whereas three remaining 
pixels are kept in the bright state, whereby a halftone having 
the transmitted light amount of 75 % is obtained as one pixel 
in comparison with the brightest state. 

Thus, when a halftone is to be obtained in the liquid- 
crystal electro-optical device using the ferroelectric liquid- 
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crystal or the antif erroelectric liquid crystal, it must rely 
on the above-mentioned area gradation method which controls 
the dimensions of the domain, the pixel dividing method which 
falsely represents one pixel by a plurality of small pixels, 
or the like. 

However, in the area gradation method, because the 
inversion of the ferroelectric or antif erroelectric liquid 
crystal is rapid, in particular, the domain is largely 
expanded even though an applied voltage value is slightly 
changed, the width of voltage capable of realizing the area 
gradation is remarkably narrowed and it has a hysteresis. For 
-this reason, it is difficult to control the domain area by the 
applied voltage of several mV unit. Also, when the applied 
voltage is lowered, a response speed is remarkably low, as a 
result of which uniform display is not enabled. Furthermore, 
it is difficult to elevate the resolution of display, and 
therefore this method has not been practical. 

Further, in the pixel dividing method, the efficiency 
is low because a plurality of pixels are used for one pixel, 
and also there is technically a limit to increase the number 
of pixels by reducing the area of one pixel. Also, it is 
improper to make the resolution high. 

Still further, in the conventional surface stabilizing 
type liquid crystal electro-optical device using a 
ferroelectric liquid crystal or an antif erroelectric liquid 
crystal, a low-voltage drive could not be expected because it 
has a high threshold value. 

Further, in the conventional surface stabilizing type 
liquid crystal electro-optical device, the orienting process 
subjected to a pair of substrates is different between both 
the substrates so that the orienting stability of the liquid- 
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crystal material is kept monos table, and the strength of the 
electric field is changed, as a result of which gradation 
display is performed. However, even in this method, 
consequently the inversion with the domain is made at the 
switching operation, and the same difficulty as the above- 
mentioned bistable type follows. Therefore, it is not 
sufficient as the gradation display. 

Therefore, in the liquid-crystal electro-optical 
device using the ferroelectric or antif erroelectric liquid- 
crystal material, it has been desired to provide a structure 
which can perform an excellent halftone gradation display. 

Further, when the frame gradation method is used in 
the active matrix type antif erroelectric liquid-crystal 
electro-optical device, in order to perform high-speed and 
high-contrast display, it is required that the inversion of 
the liquid-crystal molecules of the ferroelectric liquid 
crystal at the time of applying a signal is conducted in an 
extreme short time, the inversion is sufficient, and the state 
of the liquid-crystal molecules after conversion is kept 
constant without any changes. The state of the liquid-crystal 
molecules is mainly determined in accordance with the strength 
of voltage applied to the electrodes of both the substrates. 

By the way, there has been well known that an impurity 
having charges transferred from the liquid crystal or the 
orientation film exists in the device, and there occur surplus 
charges which allow voltage to be generated in a direction 
reverse to applied voltage when applying voltage. These 
charges freely move within the liquid-crystal material which 
is held between both the substrates with application of 
voltage. A lot of these charges move to reach the surface of 
the orientation film, and because the orientation film is 
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naturally insulative, the charges then move no more in such a 
manner that they are accommodated on a liquid-crystal 
interface of the orientation film between the orientation film 
and the liquid-crystal layer {a layer of the liquid-crystal 
material) . 

These charges cause a problem which is of disadvantage 
to the liquid-crystal electro-optical device. For example, 
action which cancels voltage applied between the electrodes is 
produced, resulting in decrease of contrast. For example, 
when pulsed voltage is applied by driving the TFT, there 
occurs such a two-steps response that the transmission or non- 
transmission switching is not rapid in such a manner that, 
after the transmission or the non-transmission is switched 
once, it is further switched with a small delay, or 
attenuation is generated immediately after switching 
operation. In order to solve this problem, it is required 
that applied voltage is made larger than voltage necessary for 
inverting the spontaneous polarization. However, this is not 
a satisfactory count ermeasure . 

When voltage is applied between the electrodes, the 
state of the liquid-crystal molecules is not stabilized 
because the charge amount within the liquid-crystal layer is 
changed as a time elapsed. Further, the liquid-crystal 
molecules which have been electrically attracted by the 
charges stored in an interface between the orientation film 
and the liquid-crystal has larger voltage required for change 
of the state than the liquid-crystal molecules within the 
liquid-crystal layer, which are not attracted. Therefore, the 
liquid-crystal molecules within the liquid-crystal layer are 
not changed in state together, but, the light transmission 
characteristic which is most important as the characteristics 



- 14 - 



of the liquid-crystal electro-optical device is not 
stabilized. 

Then, as the liquid-crystal electro-optical device, 
the display is unstable, the display speed is unavoidably 
lowered without making use of the high speed capability of the 
liquid crystal material, and the contrast is lowered. In 
particular, when performing frame gradation display, the 
number of gradations is limited. 

In order to solve this problem, there is an attempt in 
which the orientation film material relaxing the storage of 
charges is selected, or a method in which SiO or the like is 
obliquely vapor-deposited on the electrodes instead of using 
the orientation film of an insulating film. However, in such 
methods, it takes time to conduct a large number of 
preliminary experiments, which causes the costs to rise, and 
also its effect is changed in accordance with combination of 
the materials used. Therefore, such methods are not general. 
Also, there is a method of removing an impurity by purifying 
the liquid-crystal. However, in this method, the purified 
liquid crystal which is usable is very slight so that it is 
very improper to mass-productivity. Further, there is a 
method in which charges existing within the liquid-crystal 
layer is absorbed or coupled by using charge transfer complex 
or the like in such a manner that positive or negative charges 
are canceled or neutralized. However, it is difficult to 
measure and insert the charge transfer complexes by the amount 
necessary for completely canceling charges within the device, 
as a result of which surplus charge transfer complexes move 
within the liquid-crystal layer, likewise as the above- 
mentioned charges. 



As mentioned above, there have been proposed various 
methods for canceling a factor which causes change of voltage 
applied to the liquid-crystal layer, that is, charges existing 
within the liquid-crystal layer, which is a factor for 
changing the liquid-crystal molecules as a time elapsed to un- 
stabilize the optical characteristics of the device, however, 
it is difficult to readily and completely cancel such a 
factor. 

SUMMARY OF THE INVENTION 

Therefore, an object of the present invention is to 
provide a liquid-crystal electro-optical device and a method 
of manufacturing the same, which are capable of eliminating 
the inhibition of the switching of liquid-crystal molecules, 
which results from the fact that a direction of an optically 
uniaxial orientation regulating force and directions of two 
stabilizing states exhibited by the liquid-crystal molecules 
are different from each other in the SmC* phase, which is a 
problem in a method of forming an optically uniaxially 
orientation means on the surfaces of substrates between which 
a ferroelectric liquid-crystal material is held, in 
particular, when the rubbing method is used for the 
ferroelectric liquid crystal, so that the uniaxial orientation 
regulating force does not obstruct switching operation of the 
liquid-crystal molecules. 

Another object of the invention is to provide a 
structure in which the regulating force for uniaxially 
orienting the liquid-crystal material is exerted only when the 
liquid-crystal material is initially oriented during a process 
where a liquid crystal is injected between the substrates and 
thereafter the liquid-crystal material is gradually cooled, 



and after the liquid-crystal material is uniaxially oriented, 
what generates the uniaxial orientation regulating force does 
not exists. 

That is, the object of the invention is to realize a 
ferroelectric liquid-crystal electro-optical device excellent 
in switching characteristics and industrially superior in 
productivity by substantially reducing or eliminating the 
orientation regulating force of the uniaxially orientation 
means . 

Still another object of the invention is to provide a 
liquid-crystal electro-optical device using ferroelectric or 
ant i ferroelectric liquid-crystal material in which a spiral 
structure exhibited by the liquid-crystal material in a bulk 
state is restrained, to perform optical switching without 
occurrence of a domain, and a method of manufacturing the 
same. 

Yet still another object of the invention is to 
provide a liquid-crystal electro-optical device capable of 
readily realizing a change in continuous gradation and a 
halftone in accordance with a change in applied voltage, by 
using ferroelectric liquid crystal or antif erroelectric liquid 
crystal which can make an area of the device large and a 
processing speed of the device high, as in nematic liquid 
crystal, and also a method of manufacturing the same. 

Yet still another object of the invention is to 
provide a liquid-crystal electro-optical device of an active 
matrix type using ferroelectric liquid crystal having a 
crystalline silicon TFT with high performance, which is 
capable of performing high-speed multi-gradation display and 
has high contrast ratio, in which an adverse effect caused by 
undesired charges within a liquid-crystal layer is removed to 
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realize an increase in a processing speed of the device and 
stabilization of an optical characteristic. 

In order to solve the above-mentioned various 
problems , a first aspect of the present invention has been 
achieved by provision of a liquid-crystal electro-optical 
device in which a ferroelectric or antif erroelectric liquid- 
crystal material is held between a pair of substrates, an 
orientation controlling force (an uniaxial orientation means) , 
which allows said ferroelectric or antif erroelectric liquid- 
crystal material to be optically uniaxially oriented, is 
exerted on at least one of inner surfaces of said pair of 
substrates, and means for restraining said orientation 
controlling force is provided on the surface on which said 
orientation controlling force is exerted. That is, the 
invention is characterized in that there is provided a means 
for at least partially isolating the optically uniaxial 
orientation means from the liquid-crystal material. 

In the present invention, in order to obtain the 
above-mentioned structure, resin is provided between the 
uniaxial orientation means and the liquid crystal layer. That 
is, said uniaxial orientation means allows said liquid-crystal 
material to be oriented at least its initial orienting stage, 
and said resin functions as a means for reducing an adverse 
effect of the uniaxially orientation means on the liquid 
crystal at the switching operation of the device. 

Also, in the present invention, said resin may be in 
the form of a film or in the form of a large number of grains 
(or convex- shape) . Therefore, there are a case where the 
entire surface of the liquid-crystal layer is covered with the 
resin, and a case where only a part of the liquid-crystal 
layer is discontinuously covered with the resin. 
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Further, it is not always necessary that said resin is 
interposed only between the uniaxial ly orientation means and 
the liquid-crystal material, that is, said resin may exist on 
an interface between the liquid-crystal material and a surface 
brought in contact with the liquid-crystal material. The 
surface brought in contact with the liquid-crystal material 
may be, for example, an electrode surface, an insulator such 
as a silicon oxide other than the uniaxially orientation 
means . 

Also, the resin used in the present invention is made 
of insulating material . 

Further, the uniaxially orientation means includes an 
orientation film which has been subjected to a rubbing 
process . 

Further, the above-mentioned liquid-crystal electro- 
optical device in accordance with the present invention is 
characterized in that one of a pair of substrates is provided 
with a switching element connected to a pixel electrode to 
perform active matrix type drive. 

Still further, another aspect of the present invention 
has been achieved by provision of a method of manufacturing 
the above-mentioned liquid-crystal electro-optical device - 
That is, there is provided a method of manufacturing a liquid- 
crystal electro-optical device comprising the steps of: 
holding a mixture into which a ferroelectric or 
antif erroelectric liquid-crystal material is mixed with 
uncured resin between a pair of electrodes having electrodes 
on both of inner surfaces thereof and an optically uniaxially 
orientation means on one or both of the inner surfaces 
thereof; uniaxially orienting said liquid-crystal material in 
accordance with an orientation controlling force of said 



orientation means; and subsequently curing said uncured resin 
to provide cured resin between the liquid-crystal material and 
a surface brought in contact with the liquid-crystal material. 

Further, in the method of manufacturing the above- 
mentioned liquid-crystal electro-optical device, the invention 
is characterized in that the uncured resin comprises 
ultraviolet curable resin. 

Further, still another aspect of the present invention 
has been achieved by provision of a method of manufacturing a 
liquid-crystal electro-optical device in which a mixture into 
which a ferroelectric or antif erroelectric liquid-crystal 
material is held between a pair of substrates having 
electrodes on both of inner surfaces thereof and an optically 
uniaxial ly orientation means on one or both of the inner 
surfaces thereof; means for restraining an orientation 
controlling force of said optically uniaxially orientation 
means is provided on said optically uniaxially orientation 
means; and said liquid-crystal material is oriented in 
accordance with the orientation controlling force of said 
optically uniaxially orientation means, the method comprising 
the steps of: allowing the temperature of said liquid-crystal 
material to rise from the room temperature to the temperature 
at which said liquid-crystal material exhibits the SmA phase 
or the N* phase; and after that the temperature is maintained 
for a given time, cooling said liquid-crystal material to the 
temperature of the SmC* phase. 

The present invention will be described with reference 
to Fig. 1. Shown in Fig. 1 is a conceptual diagram showing a 
simple matrix type liquid-crystal electro-optical device in 
accordance with the above-mentioned invention. In Fig. 1, 
reference numerals 1 and 2 denote transparent substrates; 3 



and 4, pixel electrodes; 5, an orientation film which is 
subjected to a rubbing process and constitutes an optically 
uniaxially orientation means for arranging liquid crystal or 
the like in a given direction after injecting the liquid 
crystal; and 7, ferroelectric liquid-crystal material. The 
liquid-crystal material 7 is uniaxially oriented in accordance 
with the orientation film 5. Resin films 6 which constitute 
means for restraining an orientation controlling force of the 
orientation film is formed between the orientation films 5 and 
the liquid-crystal material 7. Polarizing plates 9 and 10 are 
provided on the outer surfaces of the transparent substrates 1 
and 2 . 

In manufacturing the liquid-crystal electro-optical 
device, after the liquid-crystal material held between a pair 
of transparent substrates 1 and 2 each having the electrode 3 
or 4 and the orientation film 5 as the uniaxially orientation 
means with a substrate interval determined by a spacer 8 is 
oriented in accordance with the orientation film 5, a resin 
film which restrains the orientation controlling force may be 
formed on the orientation film. 

In more detail, a mixture into which liquid-crystal 
material is mixed with uncured resin to which a reaction 
initiating agent is added is heated until it comes to the 
isotropic phase and injected between a pair of transparent 
substrates having the electrodes and the orientation films, 
and thereafter gradually cooled, as a result of which the 
liquid-crystal material is uniaxially oriented by the 
orientation films. Thereafter, the uncured resin is coated on 
the oriented means and cured by means for curing the uncured 
resin mixed into the liquid-crystal material. 



At this time, because the resin is cured after the 
liquid-crystal material is arranged in accordance with the 
orientation means, the resin can be cured on the orientation 
film in the form of a film while a preferable orienting state 
5 before curing is maintained. The resin which has been cured 

does not adversely influence the orientation of the liquid- 
crystal material. 

With the above-mentioned aspect of the invention, 
switching operation can be performed at high speed, 
10 orientation defects can be prevented, and undesired charges 

Q can be removed. 

H In the above-mentioned aspect of the invention, the 

^ orientation film is obtained by forming a film made of organic 

jjl polymeric resin such as polyimide or the like on the 

substrates and the electrodes and then subjecting the film to 
a rubbing process, likewise as the conventional orientation 
AZ film. The rubbing process may also be the same as the 

conventional one. 

u3 As other cases, if the orientation film is an 

2t5 orientation means for uniaxially orienting the liquid-crystal 

material by the surface characteristic of a surface brought in 
contact with the liquid-crystal material, the invention is 
applicable thereto. A case where the substrate or the 
electrode surface is directly subjected to rubbing or the like 
25 so as to provide an uniaxially orienting force can be applied 

in the same way. The rhombic vapor deposition film can be 
also practiced. 

Also, as the resin film 6 for restraining the 
orientation controlling force, there can be used a polymeric 
3 0 resin or the like. 
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It is desirable that material of the resin film 6 as 
means for restraining the orientation restraining force in the 
present invention exhibits a mixed state of the resin film 
material with the liquid-crystal material at a high- 
temperature, and is separated from the liquid-crystal material 
in a state where the temperature is lowered. Also, because of 
curing resin in a state where the resin is held between two 
substrates, it is remarkably desirable to contain no solvent 
in uncured resin. Further, because the separation of liquid- 
crystal material from resin and formation of liquid-crystal 
material in an oriented state greatly depend on the 
temperature, it is desirable to cure resin by a factor 
different from the temperature. Taking such matters into 
consideration, it is preferable to use an ultraviolet curable 
resin as an uncured resin and ultraviolet radiation as curing 
means . 

Further, the density of resin material in a mixture of 
resin material and liquid-crystal material is arbitrary, 
however, it is proper to set the density to 20 % or less. 

In the liquid-crystal electro-optical device shown in 
Fig. 1 in accordance with the invention, the liquid-crystal 
material 7 is not in contact with the orientation film 5 due 
to the resin film 6 formed on the surface of the orientation 
film so as to be isolated therefrom. Therefore, the 
orientation controlling force of the orientation film on the 
liquid-crystal material is restrained. 

Alternatively, even though the liquid-crystal material 
7 and the orientation film 5 are partially in contact with 
each other because the resin film 6 is thin, the orientation 
controlling force is substantially restrained by existence of 
the resin film 6. Thus, in the present invention, while the 



liquid-crystal material is oriented by the orientation film 
constituting the uniaxially orientation means, the orientation 
controlling force of the orientation film after then is 
substantially lowered or becomes null. Therefore, the 
orientation controlling force of the orientation film can be 
prevented from obstructing the switching operation of liquid- 
crystal molecules. 

Further, by making the density of resin material added 
in liquid-crystal material high or by controlling the kind of 
the orientation film or the curing method or the like in order 
to form the resin film 6, there is a case where the resin (21) 
is formed in a column-shape between two substrates. However, 
because the column-shaped resin is formed after the liquid- 
crystal material is oriented, there is almost no influence of 
the liquid-crystal material on orientation. The column-shaped 
resin can prevent the destroy of the layer structure in such a 
manner that a substrate interval is prevented from expanding 
so as to be kept constant in the case where an area of the 
display unit is enlarged or the like. 

Further, in the above-mentioned liquid-crystal 
electro-optical device in accordance with the invention, 
occurrence of orientation defects is reduced in comparison 
with the conventional liquid-crystal electro-optical device 
without a resin film. As a result, the contrast ratio as the 
device can be improved. 

Still further, when the resin material used for the 
resin film 6 has a high insulating property, because it 
becomes to be an insulating film, it has a function of a 
short-circuit preventing film for preventing the short-circuit 
between the upper and lower electrodes. 



Also, in the liquid-crystal electro-optical device 
using the usual ferroelectric liquid crystal, when the failure 
of orientation occurs, such failure is repaired by a method in 
which, after the liquid-crystal material is heated to the 
temperature at which it comes to the Iso (isotropic) phase, it 
is cooled to the liquid-crystal phase. However, in the 
present invention, because the device which has been completed 
once is reduced in orientation controlling force of the 
uniaxially orientation means due to the resin film, the 
oriented state is not sufficiently repaired even if this 
method is used. 

However, in the device of the invention, it is 
ascertained that the liquid-crystal material is not in the Iso 
phase, but is heated until it becomes in the SmA* phase or the 
N* phase, and then its temperature is kept for a given time, 
as a result of which the orientation state is repaired. 
Therefore, in the device of the invention, even though the 
failure of the oriented state occurs, it can be repaired. 

That is, the above-mentioned liquid-crystal electro- 
optical device is heated to the temperature indicated below in 
accordance with the kind of the liquid-crystal material, then 
held at that temperature for a given time, and thereafter 
gradually cooled. 

First, as the temperature, 

(1) In the case of liquid-crystal material having 
Iso-N* -SmA-SmC* -Cry phase system, the temperature exhibiting 
the N* phase or the SmA phase is set. 

(2) In the case of liquid-crystal material having 
I so- SmA- SmC* -Cry phase system, the temperature exhibiting the 
SmA phase is set . 



Subsequently, it is desirable to hold the above- 
mentioned device to the above temperature for several minutes 
or more, preferably for 10 to 60 minutes. 

With the above-mentioned method, after a mixture of 
liquid-crystal material and resin material is injected and 
gradually cooled, the orienting property of the device in a 
state where resin is cured in accordance with the invention 
can be improved, and even in the device where the failure of 
orientation has occurred, a preferable orienting property can 
be obtained, thereby to improve the contrast ratio. 

Further, when the resin film 6 is formed in accordance 
with the invention, the undesired charges caused by impurities 
or the like contained in the liquid-crystal material 
substantially disappear by the cleavage of the reaction 
initiating agent and curing of resin material. Accordingly, 
if voltage is applied between electrodes, current flows only 
when the spontaneous polarization of the liquid-crystal 
material is inverted, in such a manner that undesired current 
does not flow when it is not inverted. As a result, more 
stable and higher-speed switching operation can be realized. 

The above-mentioned structure of the invention is 
effective in the simple matrix type liquid-crystal electro- 
optical device, and also effective in the active matrix type 
liquid-crystal electro-optical device . 

With the above-mentioned structure of the invention, 
after the liquid-crystal material is oriented, the optically 
uniaxial orientation controlling force on the liquid-crystal 
material is not exerted or lowered, thereby to prevent the 
switching operation of the liquid-crystal molecules from being 
obstructed. As a result, the switching operation can be made 
at high speed. Also, the defect of orientation can be 



reduced, and occurrence of short-circuit between the 
electrodes can be prevented. 

Also, even in a state where the uniaxially orienting 
property is restrained, the orienting property of the liquid- 
crystal material can be improved and a defect of orientation 
can be repaired. 

Further, in the above-mentioned liquid-crystal device, 
the present invention is characterized in that the switching 
operation of the above-mentioned liquid material caused by an 
electric field applied to the above-mentioned electrodes is 
performed without occurrence of a domain. 

Still further, in the above-mentioned liquid-crystal 
device, the present invention is characterized in that the 
spiral structure of the ferroelectric liquid crystal or the 
antif erroelectric liquid crystal is loosened when no electric 
field is applied, and the direction of the orienting vector of 
the liquid-crystal molecules is continuously changed in 
accordance with the magnitude of an electric field applied. 

Still further, particularly an active matrix driving 
is appropriate for the liquid-crystal device of the present 
invention. This is because, in the case of the simple matrix 
type, voltage applied to liquid crystal cannot be maintained 
for a sufficient time because the bistability of the liquid- 
crystal molecules is weakened by the resin, as a result of 
which display quality cannot be elevated. 

Further, in the present invention, in order to 
restrain the formation of a domain at the time of the 
switching operation of liquid crystal, the proportion of 
monomers contained in the uncured resin is heightened. That 
is, the proportion of the monomer is set not lower than 60 
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weight % although it depends upon a molecular weight of the 
monomer or other conditions . 

A case where the present invention is used in the 
active matrix type display device will be described with 
reference to Fig. 2. In Fig. 2, reference numerals 11 and 12 
denote transparent substrates; 13 is an opposed electrode; 14 
is a pixel electrode; 15 is a thin-film transistor (TFT) as a 
switching element; 16 is an uniaxially orientation means for 
arranging liquid-crystal material such as an orientation film 
or the like in a given direction; 17 is a resin film; 18 is a 
ferroelectric liquid-crystal material. The liquid crystal 
material 18 is uniaxially oriented in accordance with the 
orientation means 16. Polarizing plates 19 and 20 are 
provided on the outer surfaces of the transparent substrates 
11 and 12. 

The uniaxially orienting processing method used in the 
above-mentioned structure can use an orientation film made of 
an organic high polymer or the like, which has been subjected 
to a rubbing process, likewise as in the conventional method. 
Also, in the rubbing condition, likewise as in the 
conventional condition, the orientation film is rubbed in one 
direction with a roller on which cloth is wound. The 
orientation film may be formed on both of the substrates or on 
only one substrate. As other uniaxially orienting method, 
there can be used various orienting methods such as the 
magnetic field orienting method, the shearing method, the 
temperature gradation method and the rhombic vapor deposition 
method. 

In manufacturing this liquid-crystal electro-optical 
device, the cell gap is determined in accordance with spacers 
(not shown in the figure) , a mixture of liquid-crystal 
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material and uncured resin to which a reaction initiating 
agent is added is interposed between a pair of transparent 
substrates 11 and 12 having the electrodes 13 and 14 , and then 
the liquid-crystal material is uniaxially oriented. 
Thereafter, the uncured resin is separated between the liquid 
crystal and the surface of the orientation means or the 
electrodes, and cured by means for curing the uncured resin 
mixed into the liquid-crystal material, thereby to form the 
resin film 17. 

At this time, because the resin is cured after the 
liquid-crystal material is arranged in accordance with the 
orientation means, the resin can be cured on the orientation 
film in the form of a film while a preferable orienting state 
of the liquid crystal before curing is maintained. The resin 
which has been cured does not adversely influence the 
orientation of the liquid-crystal material. 

The inventors has found that, after uncured resin is 
mixed into liquid-crystal material and injected between the 
substrates, the uncured resin is cured, as a result of which 
action of undesired charges existing in the liquid crystal 
layer which make the state of liquid crystal unstable can be 
removed . 

As this action, it is considered that the above- 
mentioned undesired charges are taken in by the resin when the 
resin material is cured, or a reaction initiating agent 
generally mixed into the uncured resin is diffused in the 
liquid- crystal material and cleaved when the resin is cured to 
produce charges, whereby the undesired charges are absorbed by 
the charges thus produced or coupled therewith. 

According to the invention, the movement of charges 
and storage of charges on an interface between the orientation 



film and the liquid-crystal are eliminated. Therefore, when 
voltage is applied between the electrodes, spontaneous 
polarization can be rapidly and sufficiently inverted. 
Further, a change in a display state after inversion switching 
as a time elapsed can be removed. Furthermore, because no 
liquid-crystal molecules to be absorbed on the substrates 
exist, a state of the whole liquid-crystal layer between the 
electrodes is changed uniformly when voltage is applied 
thereto, to thereby achieve a more stable optical 
characteristic. Consequently, display having a high contrast 
ratio at high speed can be realized. 

Naturally, the optically uniaxially oriented 
ferroelectric liquid crystal exhibits a property that the 
liquid-crystal molecules exist at any positions on a side 
surface of a cone having an axis which is normal to the 
smectic layer at the same probability, while the liquid 
crystal molecules are inclined with a given angle with respect 
to a normal of the layer in the SmC* phase, and the directions 
of orienting vectors of the liquid-crystal molecules are free. 

This state is called "gold stone mode" . It is considered 
that the above-mentioned surface stabilizing device performs 
the switching operation in which the direction of the 
orienting vector of the molecules is limited to specified two 
directions in the gold stone mode. 

It has been considered that if the switching operation 
which is free of this limitation can be' realized, when an 
electric field is applied to liquid-crystal material so as to 
be continuously changed, all of the liquid-crystal material in 
a region where the electric field is applied is not 
accompanied by occurrence of domains so that the switching 
operation in which the transmitted light amount is uniformly 



continuously changed in accordance with the strength of the 
electric field. 

In particular, since a method of performing gradation 
display in accordance with the strength of an electric field 
is already conducted in the TN- and STN- type liquid-crystal 
electro-optical device, there is an advantage that this 
technique can be applied as it is. 

With the structure of the invention, there is obtained 
the switching operation in which the transmitted light amount 
is uniformly continuously changed in accordance with the 
strength of the electric field in such a manner that the 
liquid-crystal material in the whole region where the electric 
field is applied is not accompanied by occurrence of domains. 
In manufacturing, the substantially same processes as those of 
the conventional surface stabilizing device are used to 
perform high productivity. 

It is considered that the liquid-crystal electro- 
optical device of the invention stands in a state where the 
orienting vector of the liquid crystal molecules can be freely 
taken, which is different from the conventional surface 
stabilized type device. As in a liquid crystal electro- 
optical device in which a spiral structure of a ferroelectric 
liquid crystal is eliminated due to the narrow cell gap, it 
becomes possible to switch the liquid crystals uniformly 
without forming domains and to exhibits gradational display in 
accordance with a magnitude of an applied electric field. 
Therefore, the gradation display can be performed by the 
strength of an electric field at a remarkable high speed. 

In the present invention, it is considered that the 
resin film has a function of relaxing an anchoring effect of 
the orientation film or the electrodes to the liquid crystal. 



Further, the response of the liquid-crystal molecules 
is improved, and in the case of driving the liquid-crystal 
material, the inversion of liquid crystal molecules between 
brightness and darkness is in one step, whereas, in the 
5 conventional bistable type, such an inversion state is in two 

steps because of the formation of domains. Thus, the 
rapidity of a r^s-ponse is significantly improved. 

Furthermore, in the above-mentioned structure of the 
invention, a threshold value when switching is lowered in 
10 comparison with the conventional bistable device. For this 

'J^ reason, a low-voltage drive can be performed in comparison 

W with the conventional bistable device . 

v q In the above-mentioned device of the invention, apart 

li: from a case where a transmitted light amount is uniformly 

lIS changed over the entire pixel portions, there is a case where 

there occurs a state in which a domain occurrence (inversion) 
H* mixedly exists in a minute region while the transmitted light 

,i= amount is uniformly changed, depending upon a manufacturing 

]fi condition such as liquid crystal or resin material to be used 

20 or a resin curing condition. Even in such a case, the 

switching operation can be continuously performed in 
accordance with the magnitude of applied voltage* 

There is a case where the above-mentioned resin is 
formed in the form of column between two substrates when the 
25 density of resin material added into liquid-crystal material 

is heightened. This is a useful method in the case where the 
substrate interval is necessarily kept constant, such as a 
case where the area of a display unit is enlarged. 

Furthermore, after the resin is cured, the liquid- 
30 crystal material is heated to the temperature at which the 

material exhibits the N* phase or the SmA phase, and then at 
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that temperature, it is maintained constant for 10 minutes or 
more, preferably for 10 to 30 minutes. Thereafter, the 
liquid-crystal material is gradually cooled again. With this 
method, the orienting state of the liquid-crystal material can 
be improved. 

Also, viewing a display portion of the device after 
the resin is separated and deposited from a substrate surface, 
if the ratio of an area occupied by the resin cured in the 
form of a column is 0.1 to 20 %, satisfactory performance as a 
liquid- crystal electro-optical device can be obtained. 

Further, the function for removing the action of 
undesired charges was also obtained by cleaving a reaction 
initiating agent by ultraviolet radiation or the like after 
only the reaction initiating agent which is usually added to 
resin on the market is mixed into liquid-crystal material. 
Also, the amount of a reaction initiating agent to be added to 
the resin may be changed, or resin may be previously divided 
into resin material (monomers or oligomer) and a reaction 
initiating agent so that they are individually mixed with each 
other. 

Further, according to the present invention, 
transmission and non- transmission of each pixel are controlled 
in accordance with a plurality of frames, whereby gradation 
display can be performed. That is, in the above-mentioned 
electro-optical device, one frame is divided into N (N is the 
natural number having numeral of 2 or more) sub- frames having 
duration different from each other, and if the shortest 
duration of the sub- frame is T 0 , a displaying method that the 

duration of those sub-frames is any one of T 0 , 2T 0 , 2 2 T 0 , - . . 

2**T 0 is enabled. 



In the structure of the present invention, although 
the liquid-crystal material has no bistability, the 
bistability of the liquid-crystal material per se is not 
necessary because it performs the active matrix type drive. 
Also, because of this, gradation display is enabled in 
accordance with the strength of an electric field. Therefore, 
according to the present invention, the gradation display at 
high speed and with high contrast can be realized with a 
halftone produced by a frame gradation and a halftone produced 
by an electric field due to domainless switching operation 
together. These halftones may be used independently from each 
other, or both may be combined with each other to thereby 
obtain a liquid-crystal electro-optical device at very high 
speed, with multi-gradation display and with high quality. 

In the liquid-crystal device described in connection 
with Figs- 1 and 2, the resin brought in contact with the 
liquid crystal is film-shaped, however, as described above, it 
is not always necessary that the resin is in a continuous- 
film-shape. That is, there is a case where a large number of 
minute resins which are grain-shaped or convex-shaped are 
brought in contact with the liquid crystal so as to be 
deposited. An example of the liquid-crystal device having 
such a structure will be described with reference to Fig. 3. 
In this case, an example of the simple matrix type liquid- 
crystal electro-optical device is shown, however, the active 
matrix type device using TFTs or the like is also usable, as 
described above. 

On transparent substrates 1 and 2 having electrodes 22 
and 23, orientation means 24 and 25 for optically uniaxially 
orienting liquid-crystal molecules are formed on at least one 
surface of these substrates. 



A substrate interval is uniformly controlled by a 
spacer 28. The substrate interval is narrow sufficient to 
suppress the spiral structure of the liquid-crystal molecules. 

Also, these substrates 1 and 2 are fixed with a sealing agent 
29. Liquid-crystal material 26 is held between the 
substrates. The liquid-crystal material 26 is optically 
uniaxially oriented in accordance with the orientation means 
24 and 25. 

On the other hand, a plurality of minute grains 27 in 
contact with the surface of the liquid-crystal material are 
mainly formed on the orientation means 24 and 25. The grains 
27 are made of resin. Polarizing plates 30 and 31 are 
disposed on the outer surfaces of the transparent substrates 1 
and 2 . 

When the orientation means are formed only on the side 
of any one of the substrates, protrusions 27 are formed, for 
example, on the orientation means 24 and the transparent 
substrate 1 or electrodes 23 on the substrate 1. Also, when 
an insulating film, a ferroelectric thin film or the like is 
formed on one or both of the substrates so as to be in contact 
with the liquid-crystal material 26, the protrusions 27 are 
formed on those films. 

As the optically uniaxially orienting method, apart 
from the rubbing method using the orientation film, various 
methods such as the magnetic field orienting method, the 
shearing method, the temperature gradation method, and the 
rhombic vapor deposition method can be used. 

In manufacturing the above-mentioned liquid-crystal 
electro-optical device, uncured resin is mixed with 
ferroelectric liquid crystal or antif erroelectric liquid 
crystal, heated until it becomes in the isotropic phase and 



more mixed. This mixture is then injected in between the 
substrates and cooled until the liquid crystal re-exhibits the 
SmC* phase (usually the room temperature) . In this process, 
the liquid crystal is oriented in accordance with an 
orientation controlling force of the uniaxially orientation 
means, and an excellent extinction position can be ascertained 
under a polarization microscope. The resin is separated and 
deposited in such a manner that it is expelled from the 
mixture to between the liquid-crystal molecules or between the 
layers (between smectic layers) . After the resin is nearly 
completely separated from the liquid crystal, it is cured and 
rendered insoluble to the liquid crystal. Since these resins 
are expelled, separated and deposited as the liquid crystal is 
oriented, no orientation of the liquid crystal is disturbed. 

The substrate after the resin is cured was observed by 
an SEM (scanning type electronic microscope) after the liquid- 
crystal material is evaporated. As a result, a plurality of 
minute protrusions constituted by resin having a height of 
about 10 nm and a diameter of 500 nm or less, typically 
several -tens to several hundreds nm can be ascertained. The 
protrusions exist so as to be uniformly dispersed all over the 
surface, and there is also portions where a plurality of 
protrusions are partially linked together. 

In this way, on a surface brought in contact with the 
liquid-crystal surface, that is, on the surface of the 
substrate, the transparent substrate, the orientation film, 
the insulating film and the like, a plurality of minute resins 
can be disposed in the form of a grain. 

Then, the switching operation, which makes the 
transmitted light amount continuously change without 
occurrence of domains by controlling applied voltage, is 



enabled, thereby being capable of obtaining a halftone. 
Further, within a region to which the same voltage is applied, 
for example, in one pixel, the nearly same gradation can be 
obtained. As a result of observing the switching state by a 
polarization microscope, the existence of domains is not 
ascertained at least visually. 

Also, in order to constitute resin into minute grains, 
it is preferable to use resin which has low viscosity and 
liable to be along the orientation of liquid crystal, and it 
is preferable to contain a large amount of low molecule resin 
(hereinafter referred to as "monomer") although it depends on 
the molecule weight. 

Usually, resin consists of monomers, oligomer (high 
polymeric resin) and a reaction initiating agent. This resin 
is mixed into the liquid crystal material at about 1 to 20 %, 
preferably about 1 to 10 %. 

It is desirable that the component of resin material 
is organized so that the amount of monomers contains 2 % by 
weight or more with respect to a mixture of liquid-crystal 
material and resin material, and mixed into the liquid-crystal 
material. 

Further, it is desirable that the component of resin 
material is organized so that the amount of monomers is 40 % 
by weight or more of resin material, preferably, 60 to 90 % by 
weight, and mixed into the liquid-crystal material. 

As the amount of monomers is reduced, the number of 
resin grains formed is decreased so that switching of 
continuously changing the transmitted light amount without 
occurrence of a domain and switching of bright and dark states 
with occurrence of a domain is likely to mixedly exist, or 
only the latter switching is likely to occur. On the other 
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hand, as the monomer amount is increased, switching of 
continuously changing the transmitted light amount without 
occurrence of a domain is conducted, however, optical 
characteristics such as the contrast ratio tend to be lowered. 
5 Further, the monomer is preferably composed of 

acrylic . 

By thus composing the resin, in the liquid-crystal 
electro-optical device prepared, on the surfaces of the 
substrate, the electrode on the substrate, the orientation 
10 film or the like, resin can be formed into grains having a 

U height of several tens nm and a diameter of about 500 nm or 

Q less, typically several tens to several hundreds nm. 

^ Furthermore, after the resin is cured, the liquid- 

\f} crystal material is heated to the temperature at which the 

liSj material exhibits the N* layer or the SmA layer, and at this 

L. temperature, the material is maintained constant for ten 

s |« minutes or more, preferably for ten to thirty minutes. 

j» Thereafter, the liquid-crystal material is cooled to the room 

temperature, as a result of which the orienting state of the 
20~ liquid-crystal material may be improved. 

Also, in the liquid-crystal electro-optical device of 
the invention, it is extremely effective to provide the 
structure of the active matrix type driving having switching 
elements such as thin- film transistors, thin-film diode or the 
25 like on the respective pixels. 

With the above-mentioned structure, in the liquid- 
crystal electro-optical device using ferroelectric liquid 
crystal or antif erroelectric liquid crystal, the transmitted 
light amount is continuously changed to thereby obtain a 
30 halftone. As its reason, apart from the fact that the above- 
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mentioned anchoring force of the orientation film is lowered, 
the following reasons are considered. 

Observing the state of switching operation in the 
conventional liquid-crystal electro-optical device using a 
ferroelectric liquid crystal or antif erroelectric liquid 
crystal through a polarization microscope, it is ascertained 
that a large number of domains of a dark state appear in a 
bright state or a large number of domains of a bright state 
appear in a dark state by gradually increasing a magnitude of 
an applied voltage, and the respective areas are gradually 
enlarged (hereinafter, referred to as "grow"). That is, the 
switching operation of the ferroelectric liquid crystal or the 
antif erroelectric liquid crystal comes to chain-reactive 
switching operation in which, with a part of liquid-crystal 
molecules being inverted as a start, other liquid-crystal 
molecules existing around the part of liquid-crystal molecules 
are inverted one after another . 

On the other hand, if the resin is formed into a 
plurality of minute grains on the substrate as in the present 
invention, they exist between the layers or the adjacent 
liquid-crystal molecules in such a way that they have a size 
and a configuration of the degree that the orientation of the 
liquid-crystal molecules is not disturbed. Thus, it is 
considered that the chain of the inversion is interrupted by 
the resin in the form of protrusion, as a result of which 
further inversion of the peripheral liquid-crystal molecules 
is not induced. 

That is, it is considered that these protrusions on 
the substrates prevent the adjacent liquid-crystal molecules 
from being inverted in the chain reactive manner, as a result 
of which the liquid-crystal molecules or the extreme minute 



domains do not induce the inversion of the liquid-crystal 
molecules around the inverted ones, but the respective liquid- 
crystal molecules are independently inverted. 

Therefore, it is expected that, within a specified 
5 region, for example, within one-pixel region, extremely minute 

regions exhibiting a bright state or a dark state appear at a 
specified rate by a specified applied voltage, and the 
transmitted light amount is continuously changed by applied 
voltage without occurrence of the domain to thereby obtain a 
10 halftone. 

^ Observing the switching operation of the liquid- 

Q crystal electro-optical device in accordance with the present 

iQ invention under the polarization microscope, it was 

ascertained that applied voltage value is changed whereby the 
ills transmitted light amount is uniformly and continuously changed 

□ so that the entire region to which voltage is applied is 

;^ changed from a bright state to a dark state, or from the dark 

5 i: state to the bright state without occurrence of a domain. 

^ In the above-mentioned liquid-crystal electro-optical 

20 device of the present invention, within such a voltage applied 

region, for example, within one pixel, the transmitted light 
amount is continuously and uniformly changed with applied 
voltage value. Therefore, compared with the conventional area 
gradation method and the pixel dividing method, an area 
25 necessary for obtaining the gradation can be remarkably 

reduced to thereby provide a liquid-crystal electro-optical 
device with high resolution and multi-gradation. 

Further, the above-mentioned liquid-crystal electro- 
optical device of the present invention is characterized by 
30 its switching characteristic. 
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Fig. 4 shows an optical characteristic in the case 
where the conventional surface stabilizing liquid-crystal 
electro-optical device is driven by a square wave of ± 1.5 V. 

In Fig. 4, the optical characteristic to the applied 
5 voltage when switching from a dark state to a bright state or 

from the bright state to the dark state exhibits two-steps 
response characteristic. That is, in a switching start point, 
the optical characteristic is rapidly changed, and thereafter 
slowly changed to thereby complete the switching operation. 
10 On the other hand, Fig. 5 shows an optical 

characteristic in the case where the liquid-crystal electro- 
O optical device of the present invention is driven by a square 

wave of ± 1.5 V. 

In Fig. 5, the optical characteristic is rapidly 
llS changed from a start of switching to a completion thereof 

^ throughout the whole region. 

=!« Considering the above difference, it is expected that, 

j= in the two-step response in the conventional liquid-crystal 

]*i electro-optical device shown in Fig. 4, an initial rapid 

20 change in the optical characteristic exhibits a state in which 

the liquid-crystal molecules or the minute domains are 
switched on several portions, whereas a slow change in the 
optical characteristic in the second step exhibits a state in 
which the liquid-crystal molecules or the minute domains are 
25 switched, according to which their peripheral liquid-crystal 

molecules are switched in the chain manner so that the domains 
are enlarged. 

On the other hand, in the rapid response in the 
liquid-crystal electro-optical device of the present invention 
30 shown in Fig. 5, it is considered that, because the liquid- 

crystal molecules and the minute domains are switched in the 
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entire region, the optical characteristic is rapidly changed 
from the start of switching to a completion thereof. 

Further, as is apparent from this, compared with the 
conventional device, in the liquid-crystal electro-optical 
device of the present invention, because a high-speed and 
sufficient switching operation is conducted even at low 
voltage, drive voltage can be lowered. 

Thus, in the liquid-crystal electro-optical device 
using the ferroelectric liquid-crystal or antif erroelectric 
liquid-crystal in accordance with the present invention, a 
continuous gradation change and a halftone due to a change of 
applied voltage can be readily obtained. Therefore, 
transmitted light or reflected light is switched at high 
speed, and the liquid-crystal electro-optical device having 
multi-gradation and high resolution can be realized. In 
addition, large-sized device can also be easily obtained. 
Further, drive voltage can be lowered. 

In the present invention, whether the switching 
operation is followed by occurrence of a domain or uniformly 
continuously changed depends on the amount of monomers 
contained in the uncured resin material mixed into the liquid- 
crystal material. 

The uncured resin material consists of low molecular 
monomers (molecular weight of 1000 or less) , high molecular 
monomers (molecular weight of 1000 or more) and a reaction 
initiating agent. When the amount of monomers are small, 
switching accompanied by the occurrence of a domain is made, 
however, as the amount of monomers is increased, a region 
where each domain is expanded is reduced while the number of 
regions where a domain occurs is increased. That is, under 
this state, there is provided bistability (memory property) . 
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Further, if the amount of monomers is increased, it 
comes to uniform and continuous switching without occurrence 
of domains. In this state, the bistability (memory property) 
is not exhibited. 

In particular, if the amount of monomers in the resin 
material has 40 % by weight or more, preferably 60 % or more, 
more preferably 80 % or more, uniform and continuous switching 
without occurrence of domains can be attained . 

Also, when the amount of oligomer contained in the 
resin material is increased, resin cured in the form of a 
column is increased. Conversely, when the amount of oligomer 
therein is decreased and the amount of monomers is increased, 
resin cured in the form of a column is decreased. 

The above and other objects and features of the 
present invention will be more apparent from the following 
description taken in conjunction with the accompanying 
drawings . 

f BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a cross-sectional view of a liquid 
crystal device in accordance with a first embodiment of the 
present invention; 

Fig. 2 shows a cross-sectional view of a liquid 
crystal device in accordance with a second embodiment of the 
invention; 

Fig. 3 shows a cross-sectional - view of a liquid 
crystal in accordance with another example of the present 
invention; 

Fig. 4 shows an optical characteristics in the case 
where the conventional SSFLC device is driven by a square 
wave ; 
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Fig- 5 shows an optical characteristics of the liquid 
crystal device of the present invention; 

Figs . 6A and 6B show a waveform obtained by applying a 
voltage across a liquid crystal device of the present 
5 invention; 

Figs . 7A and 7B show a waveform obtained by applying a 
voltage across a conventional liquid crystal device; 

Fig. 8 is an inter-atomic force microphotograph 
showing a substrate surface after forming a resin in 
10 accordance with the present invention; 

^ Fig. 9 is an inter-atomic force microphotograph 

5*2 showing a substrate surface before forming a resin of the 

u3 present invention; 

jj^ Fig. 10 shows an optical response of a liquid crystal 

liS device of a second example in this invention; 

Fig. 11 shows a transmissi t ivi ty-voltage 
characteristics of liquid crystal devices of the present 
J* invention and the prior art; 

:^ Fig. 12 shows a response characteristics of liquid 

20 crystal devices of the present invention and the prior with 

respect to an input voltage; 

Fig. 13 shows a response speed-input voltage 
characteristics with respect to liquid crystal devices of the 
prior art and the present invention; 
25 Fig. 14 shows waveforms for driving an pixel in 

accordance with a driving method of the present invention; 

Figs. 15 and 16 shows one pixel of an active matrix 
circuit of the present invention; and 

Figs. 17A and 17B are SEM photographs showing the 
30 surface of the substrates on which a resin is formed in 

accordance with the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will be described 
with reference to the accompanying drawings. 
(First Embodiment) 

In this embodiment, a simple matrix type liquid- 
crystal electro-optical device shown in Fig. 1 is prepared and 
the respective characteristic evaluation was conducted. The 
substrates 1 and 2 of a liquid-crystal cell are formed of 
soda-lime glass having an area of 300 x 400 mm and a thickness 
of 1.1 mm. The pixel electrodes 3 and 4 made of ITO (indium 
tin oxide) are formed on the substrates 1 and 2 by a 
sputtering method, and are then subjected to patterning 
through a photo-resist, to thereby prepare the simple matrix 
type liquid-crystal electro-optical device. 

The orientation film material is made of polyimide 
resin, for example, LQ-5200 (made by Hitachi Kasei) , LP-64 
(made by Toray) , RN-3 05 (made by Hitachi Chemical) or the 
like, and in this embodiment, LP-64 was used. The orientation 
films were formed by coating the material diluted with a 
solvent such as N-methyl-2-pyrolidone or the like on both the 
substrates. The coated substrates were heated at 250 to 300 
°C, in this embodiment, at 280 °C for 2.5 hours so that the 
solvent was dried and the coated films were converted into an 
imide and cured. The thickness of the films after being cured 
was 300 A. 

Subsequently, the orientation film is rubbed. The 
rubbing operation is made in the usual manner, and in this 
embodiment, the orientation film was rubbed by a roller having 



a diameter of 13 0 mm on which cloth made of rayon, cotton or 
the like was wound at the rotational speed of 450 rpm in one 
direction. A roll pushing height was 0.1 mm and a stage speed 
was 2 0 mm/ sec. In this manner, the orientation films 5 were 
formed . 

Next, as the spacer 8 for maintaining the cell 
interval constant, silica particles called "shinshikyu" 
produced by Shokubai Kasei corporation having a diameter of 
1.5 pm were spread on one substrate. On the other substrate, 
for the purpose of fixing two substrates, a two-liquid epoxy 
adhesive is printed and coated on the periphery of the 
substrate as a sealing agent through the screen printing 
method, and thereafter the two substrates fixedly adhered to 
each other . 

The mixture of the liquid-crystal material 7 and the 
uncured polymeric resin is injected into the cell. As the 
liquid-crystal material, the ferroelectric liquid crystal of 
phenylpyrimidine was used. The liquid crystal has a phase 
series of Iso-SmA-SmC*-Cry . A phase transition temperature of 
Iso-SmA was 85 °C, and that of SmA-SmC* was 79 °C. Other than 
the above, various kinds of ferroelectric liquid-crystal 
material such as biphenyl or phenyl naphthalene can be used. 
As the polymeric resin, an ultraviolet curable resin on the 
market was used. The liquid-crystal material and the uncured 
polymeric resin are mixed with each other at the ratio of 95 : 
5 % by weight. The mixture is stirred at the temperature at 
which it comes to the isotropic phase so as to be uniformly 
mixed with each other. The phase transition temperature of 
the mixture was lowered more than that of only the liquid- 
crystal material by 5 to 20 °C. 



The mixture was injected under vacuum while the 
liquid-crystal cell and mixture were kept at 100 °C. After 
injection, the liquid-crystal cell was gradually cooled at the 
rate of 2 to 20 °C/hr, in this embodiment, 3 °C/hr. 

The orientation state of the liquid-crystal cell was 
observed under the crossed-nicol with a polarization 
microscope. As a result, there was obtained an extinction 
angle at a certain rotational angle, that is, a state in which 
light incident to one polarizing plate is not transmitted 
through the other polarizing plate as if the light is 
interrupted. This means that the liquid-crystal material is 
uniformly oriented. 

Also, at this time, when the stage was turned by about 
20 ° from the extinction angle, there was no light leakage 
caused by birefringence in a field of view of a microscope, 
but black-state portions were dotted as they were. Since 
uncured resin does not exhibits the biref ringencity , the 
black-state portions result from allowing the uncured resin to 
be separated from the liquid-crystal material and deposited 
into the form of a column. 

Subsequently, for the purpose of curing the polymeric 
resin in the mixture injected into the cell, ultraviolet 
radiation was applied thereto. The ultraviolet radiation was 
applied in a direction normal to the surfaces of the 
substrates from both sides of the cell with the substantially 
same intensity. By doing so, in comparison with the case 
where ultraviolet radiation is applied from only one 
direction, the thicknesses of the resin films formed on both 
the substrates can be made identical to each other. This is 
because there is a case where the orientation controlling 
force for the orientation film cannot be sufficiently 
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restrained. An irradiation intensity is 3 to 3 0 mW/cm^ in 
this embodiment, 10 mW/cm^ and an irradiation time is 0.5 to 
5 minutes, in this embodiment, 1 minute. 

After the ultraviolet radiation, the orientation state 
of the liquid-crystal cell was observed under the polarization 
microscope in the above-mentioned manner. As a result, almost 
no change was seen in the orientation state. No influence of 
ultraviolet radiation on the orientation state was found. 

Next, the optical characteristics of the liquid- 
crystal cell was measured. The measuring method is that, in a 
polarization microscope having a light source of a halogen 
lamp, a triangular wave of ±30 V and 5 Hz is applied to the 
liquid-crystal cell under the crossed-nicol , and the intensity 
of transmitted light of the cell is then detected by a photo- 
multiplier. The contrast ratio measured at that time is 100, 
which has satisfactory characteristics as a liquid-crystal 
electro-optical device. Here, the contrast ratio means a 
ratio of the intensity of transmitted light when voltage of 30 
V is applied and the intensity of transmitted light when 
voltage of -30 V is applied. On the other hand, in the 
liquid-crystal electro-optical device constituted by a single 
substance of the liquid-crystal material without mixing of 
resin, the contrast ratio was 80 under the identical 
conditions . 

Subsequently, in the liquid-crystal electro-optical 
device in accordance with this embodiment, a current-to- 
voltage characteristic was measured. Fig. 6A shows a waveform 
obtained by applying a triangular waveform of ±3 0 V and 5 Hz 
to a pair of electrodes in the liquid-crystal cell constituted 
in accordance with the present invention, to measure applied 
voltage and inter-electrode current by an oscilloscope. The 
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value of current is obtained by measuring voltage between both 
terminals of a resistor having 100 kfi connected in series to 
one electrode. As shown in Fig. 6B which schematically shows 
the waveform of Fig. 6A, current 32 flowing when spontaneous 
polarization of the ferroelectric liquid-crystal material is 
inverted with a change in polarization of an electric field is 
rapidly changed, that is, a response speed is remarkably high. 

Other than the current component 32 and the capacitance 
component 3 3 between the pixel electrodes, there was no 
current component . 

Fig. 7A shows a result obtained by measuring a 
current-to-voltage characteristic by an oscilloscope likewise 
in the conventional structural liquid-crystal cell (the same 
conditions except that no resin is used) . As shown in Fig. 7B 
which schematically shows the waveform of Fig. 7A, the current 
component 3 4 when the spontaneous polarization is inverted is 
enlarged in width in comparison with the liquid-crystal cell 
of the invention shown in Fig. 6B, from which it is understood 
that the response speed is low. It is considered that this is 
because the orientation controlling force of the orientation 
film interferes the inversion of the spontaneous polarization, 
A current component 3 5 appears after a slight delay from 
switching of the spontaneous polarization. Since such surplus 
current flows, the response speed and the contrast ratio were 
lowered. It is considered that this is caused by existence of 
surplus charges due to impurities or the like in the liquid- 
crystal material. 

When the whole cell is viewed by eyes, the existence 
of resin cannot be found at all. 

For the purpose of viewing a state of the resin film 
on the orientation film in more detail, the substrates 
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prepared in the above-mentioned method was observed by an 
inter-atomic force microscope (AFM) after it was cleaned by 
alcohol. The result is shown in Fig. 8. For comparison, the 
observed image of the orientation film after being rubbed but 
before the mixture of the resin material and the injection of 
the liquid-crystal material is shown in Fig. 9. From this 
figure, it is apparent that a resin film having a thickness of 
10 to 3 0 nm is formed substantially all over the surface of 
the orientation film, and flaws caused by the rubbing process 
are also coated with the resin. Therefore, it is considered 
that the orientation controlling force of the orientation film 
is remarkably restrained. Also, because this resin film is 
transparent and extremely thin, transmitted light is not 
almost attenuated. 

The phase transition temperature after the resin was 
cured was lowered by the degree of several °C in comparison 
with a case of only the liquid-crystal material. Here, the 
cell was heated to 80 °C at which the liquid-crystal material 
exhibits the SmA phase, and then held at that temperature for 
10 to 60 minutes, in this example, for 20 minutes. 
Thereafter, the cell was gradually cooled to the SmC* at the 
rate of 3 °C/hour. As a result, an orientation defect was 
remedied, and when the optical characteristic was measure, the 
contrast ratio of 120 was obtained. 

On the other hand, the cell after the resin was once 
cured was heated to 86 °C at which the liquid-crystal material 
exhibits the isotropic phase, and then gradually cooled in the 
above-mentioned manner, as a result of which the orientation 
of the liquid-crystal material was partially disordered. It 
is apparent from this that the resin film existing between the 



liquid crystal and the orientation film suppresses the 
uniaxial orientation control force of the orientation film. 

Short-circuit between the electrodes did not occur, 
and it was ascertained that the resin film on the orientation 
5 film functions as a short-circuit preventing film. The short- 

circuiting can be more surely prevented by increasing the 
amount of the resin material mixed and making the resin film 
formed thicker. 

The polarizing plates 9 and 10 were provided on the 
1;0 outer surfaces of the substrates 1 and 2. 

^ In this embodiment, as the resin material, there was 

fjl used an ultraviolet curable resin commercially available on 

the market as it was. However, the amount of oligomer 
U*= relative to the entire resin material is increased to change 

i§ the compatibility between the liquid-crystal material and the 

resin, or the kinds of the orientation film material or the 
M rubbing conditions are changed thereby being capable of 

T ; controlling the amount of adhesion of the resin film to the 

111 orientation film. 

20 Further, the kind of the orientation film or the 

density of rubbing is made different between both the 
substrates, or ultraviolet radiation is irradiated from only 
one side so that the amount of adhesion of the resin can be 
intentionally made different between both the substrates. 

25 (Second Embodiment) 

In this embodiment, there is shown an example 
embodying the active matrix type liquid-crystal electro- 
optical device using crystalline silicon TFTs (thin-film 
transistors) as switching elements for the respective pixels. 

30 Formed on a silicon oxide film on a Corning 7059 glass 

plate (300 x 300 mm, thickness of 1.1 mm) as a substrate are 
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pixel electrodes comprising ITO; an n-channel type crystalline 
silicon TFT having the mobility of 100 (cm 2 /Vs) which is 
formed by crystallizing an amorphous silicon film by heating 
anneal at 600 °C for 48 hours in a hydrogen reducing 
atmosphere; signal electrodes and scanning electrodes formed 
of a multi-layer film made of chromium and aluminum; and a 
matrix of 640 x 480 pixels. 

Then, after an ITO is formed on another glass 
substrate as a counter electrode, an orientation film is 
formed on only this substrate. As the orientation film 
material, LP-64 (made by Toray) was used. The manufacturing 
method, the manufacturing conditions, the film thickness and 
the rubbing conditions are the same as described in the first 
embodiment . 

Next, as a spacer, silica particles having a diameter 
of 1.5 |im were dispersed on a substrate at a side where the 
orientation film was formed- On the other substrate, for the 
purpose of fixing two substrates, a two-liquid epoxy adhesive 
is printed and coated on the periphery of the substrate as a 
sealing agent through the screen printing method, and 
thereafter the two substrates fixedly adhered to each other . 

A mixture of the liquid-crystal material and uncured 
resin was injected into the cell. The liquid crystal has a 
phase series of Iso-N*- SmA-SmC*-Cry . A phase transition 
temperature of Iso-N* was 81 °C, that of N*-SmA* was 69 °C, and 
that of SmA-SmC* was 54 °C. The used resin and the used 
mixing ratio of the resin and the liquid-crystal material are 
identical with those in the first embodiment. The mixture was 
stirred at a temperature at which it came to the isotropic 
phase so as to be uniformly mixed with each other. The phase 
transition temperature of the mixture was lowered by 5 to 20 
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°C more than that of the case injecting only the liquid- 
crystal material. 

The mixture was injected under vacuum with the liquid- 
crystal cell and mixture kept at 100 °C. After injection, the 
5 liquid-crystal cell was gradually cooled at the rate of 2 to 

20 °C/hr, in this embodiment, 3 °C/hr. 

The orientation state of the liquid-crystal cell was 
observed under the crossed-nicol with a polarization 
microscope. As a result, there was obtained an extinction 
10 position at a certain rotational angle, that is, a state in 

l - s i which light incident to one polarizing plate is not 

O transmitted through the other polarizing plate as if the light 

is interrupted, and the liquid-crystal material was uniformly 
!=j oriented. 

U5; Also, at this time, when the stage was turned by about 

20 ° from the extinction state, there was no light leakage 
;F caused by birefringence in a field of view of a microscope, 

X but black-state portions were dotted as they were. Since 

^ uncured resin does not exhibits the biref ringency , the black- 

20 state portions are caused by allowing the uncured resin to be 

separated from the liquid-crystal material and deposited into 
the form of a column. 

Subsequently, for the purpose of curing the polymeric 
resin mixed into the liquid-crystal material injected into the 
25 cell, ultraviolet radiation was applied from the opposed 

substrate side. An irradiation intensity is 3 to 3 0 mW/cm 2 , 
in this embodiment, 10 mW/cm 2 , and an irradiation time is 0.5 
to 5 min, in this embodiment, 1 min. 

After the ultraviolet radiation, the orientation state 
3 0 of the liquid-crystal cell was observed under the polarization 

microscope in the above-mentioned manner. As a result, the 



- 53 - 



orientation state was not almost changed. An influence of 
ultraviolet radiation on the orientation state was not found. 

After the substrates were cleaned by alcohol, the 
surfaces of both the substrates were observed with the inter- 
atomic force microscope (AFM) . As a result, a resin film 
having a thickness of 10 to 30 run was formed on the surfaces 
of both the substrates. 

Then, the optical characteristic of the liquid-crystal 
cell was measured. The inter-electrode voltage and the 
optical response are shown in Fig. 10. The waveform of drive 
voltage V LC is voltage of 14 V, a pulse width of 1 [is and a 

frame width of 16 ms . The optical response is good as 
indicated by light transmittance T LC shown in the figure, and 

the contrast ratio at this time was 100 at the time of 
completion of a frame. On the other hand, the liquid-crystal 
cell constituted by a single substance of the liquid-crystal 
material without mixing of resin has the contrast ratio of 80 
under the measurement in the identical conditions. 

The phase transition temperature after the resin was 
cured was lowered by the degree of several °C in comparison 
with a case of only the liquid-crystal material. Here, the 
cell was heated to 70 °C at which the liquid-crystal material 
exhibits the N* phase, and then held at that temperature for 
10 to 60 minutes, in this example, for 20 minutes. 
Thereafter, the cell was gradually cooled to the room 
temperature at the rate of 3 °C/hour. As a result, the defect 
of orientation was more improved, and when the optical 
characteristic was measured, the contrast ratio of 120 was 
obtained. 



Likewise , the cell constituted in accordance with the 
present invention before the orientation is improved was 
heated to 55 °C at which the liquid-crystal material exhibits 
the SmA phase, and then held at that temperature for 2 0 
minutes. Thereafter, the cell was gradually cooled to the 
room temperature at the rate of 3 °C/hour. As a result, the 
defect of orientation was improved to the substantially same 
degree as that in the above-mentioned case where the cell was 
held at the temperature at which the liquid-crystal material 
exhibits the N* phase, so that the contrast ratio was 
improved . 

On the other hand, the cell after the resin was once 
cured was heated to 83 °C at which the liquid-crystal material 
exhibits the isotropic phase, and then gradually cooled in the 
above-mentioned manner, as a result of which the orientation 
of the liquid-crystal material was partially disordered. It 
is apparent from this that a resin film is formed on the 
orientation film after the resin is cured so that the 
uniaxially orienting property is not given to the liquid- 
crystal material. 

Polarizing plates were provided on the outer surfaces 
of the substrates to complete the device. 
(Third Embodiment) 

For experiment, a cell of one pixel was prepared and 
the evaluation of the respective characteristics were 
conducted. The fundamental structure is identical with that 
in Fig. 1. The size of a pixel electrode was set to 5 mm 

The orientation film material is made of polyimide 
resin, and in this embodiment, LP-64 (made by Toray) was used. 

The orientation films were diluted with solvent such as N- 
methyl-2-pyrolidone or the like and then coated on the 



substrates by the spin coating method. The coated substrates 
were heated at 250 to 300 °C, in this embodiment, at 280 °C 
for 2 . 5 hours so that the solvent was dried and the coated 
films were imidated and cured- The thickness of the films 
after being cured was 3 00 A. 

Subsequently, for the purpose of optically uniaxially 
orienting the liquid-crystal material and arranging the layer 
of the liquid-crystal material normal to or inclined with 
respect to the substrates, the uniaxial orientation 
controlling force was given to the orientation film by the 
rubbing method. The rubbing operation was made likewise as in 
the usual way, that is, the orientation film was rubbed by a 
roller having a diameter of 130 mm on which cloth made of 
rayon, cotton or the like was wound at the rotational speed of 
450 to 900 rpm, in this embodiment, 450 rpm in one direction. 
A roll pushing height was 0.1 mm and a stage speed was 20 
mm/ sec. 

As the liquid-crystal material, the ferroelectric 
liquid crystal of phenylpyrimidine was used. The liquid 
crystal taken a phase series of Iso-SmA-SmC*-Cry . As the 
polymeric resin, an ultraviolet curable resin on the market 
was used. The polymeric resin is to prevent the separation of 
the liquid-crystal material from the mixture when the mixture 
is injected, and the polymeric resin containing monomers 90 % 
by weight is used so that the compatibility between the 
liquid-crystal material and the resin is heightened. As the 
density of the uncured polymeric resin in the liquid-crystal 
material, because a resin column is formed between the upper 
and lower substrates thereby lowering numerical aperture if a 
large amount of resin is contained in the liquid-crystal 
resin, it is preferable that the amount of resin is small, and 



therefore the uncured polymeric resin was mixed with the 
liquid-crystal material at the ratio of 95 : 5 % by weight . 
The mixture is stirred at a temperature at which it comes to 
the isotropic phase so as to be uniformly mixed with each 
other. The transition point of the mixture from the isotropic 
phase to the SmA phase was lowered by 5 °C more than that of 
only the liquid-crystal material. 

The mixture was injected under vacuum while the 
liquid-crystal cell and mixture were at 100 °C at which the 
mixture exhibits the Iso phase. After injection, the liquid- 
crystal cell was gradually cooled to the SmC* phase. If the 
cell is rapidly cooled to the SmC* phase, a large amount of 
orientation defects occur. For this reason, the liquid- 
crystal cell was gradually cooled at the rate of 2 to 20 
°C/hr, in this embodiment, 3 °C/hr as a temperature lowering 
rate. 

The liquid-crystal cell was gradually cooled to the 
room temperature in the above-mentioned method, and the 
orientation state of the cell was observed under the crossed- 
nicol by a polarization microscope. When the stage is turned, 
there was obtained an extinction position at a certain 
rotational angle, that is, a state in which light incident to 
one polarizing plate is not transmitted through the other 
polarizing plate as if the light is interrupted. This 
exhibits that the liquid-crystal material is uniformly 
oriented in such a manner that the orienting vectors of the 
liquid-crystal molecules are oriented in the same direction 
within the layers and over from layer to layer. 

Also, at this time, when the stage was turned by about 
2 0 ° from the extinction state, there was no light leakage 
caused by birefringence in a field of view of a microscope, 



but black-state portions were dotted as they were. This 
exhibits that the resin is separated and deposited in the form 
of a column . 

Subsequently, for the purpose of curing the polymeric 
resin mixed into the above-mentioned liquid-crystal material, 
ultraviolet radiation was applied thereto. As a light source, 
an Hg-Xe lamp having rated power of 150 W is used. The cell 
was positioned so that an irradiation intensity is 3 to 3 0 
mW/cm 2 , in this embodiment, 10 mW/cm 2 , and ultraviolet 
radiation was applied thereto. An irradiation time is 0.5 to 
5 min, in this embodiment, 1 min. 

After ultraviolet radiation was radiated, the 
orientation state of the liquid-crystal cell was observed 
under the polarization microscope in the above-mentioned 
manner. As a result, the orientation state was not almost 
changed. An influence of ultraviolet radiation on the 
orientation state was not found. 

After the substrate was separated from the device and 
the liquid crystal was cleaned and removed from the substrate 
by alcohol, the resin remaining on the substrate was observed 
by a scanning type electronic microscope. As a result, 
columnar resin which had fixed both the substrates could be 
observed. Although it depends on the kinds of resin or liquid 
crystal material or the curing conditions, in most of the 
cases, the cured resin has a side view of a trapezoid or a 
rectangle, a top cross-section (face viewed from a direction 
normal to the substrate) of a round trapezoid or rectangle, a 
circle or an elliptical, and is plateau-shaped as a whole. 
These resin has an upper cross-section whose size (a diameter 
in the case of a circle) is about several |im to several tens 
Jim and whose height is equal to a substrate interval. There 
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are various shapes of resin such that the height is about 1/10 
of the thickness, or the size of the upper section is nearly- 
equal to the height so as to be die-shaped. 

The shape of resin is also changed depending on the 
phase transition series of the liquid-crystal material, the 
cooling process or the like. There are a shapeless resin and 
a resin having a longitudinal axis in the uniaxially orienting 
direction. Also, an interval between the existing resin cured 
in the form of a column was about 10 to 100 j-Un. 

Under the above-mentioned orienting state, the 
contrast ratio was measured. The measuring method is that, in 
a polarization microscope having a light source of a halogen 
lamp, a triangular wave of ±30 V and 5 Hz is applied between 
the electrodes of the liquid-crystal cell under the crossed- 
nicol, and the intensity of transmitted light of the cell is 
then detected by a photo-multiplier. The contrast ratio was 
120. 

Subsequently, the switching process of the cell was 
observed through the same optical system as the above. A 
triangular wave having a low frequency was applied to the 
cell. Different from the switching operation followed by the 
generation of a domain as in the conventional ferroelectric 
liquid-crystal electro-optical device, switching between 
brightness and darkness made the entire amount of transmitted 
light uniformly change, depending on the strength of an 
electric field. 

Then, the contrast-to-voltage characteristic was 
measured. The measuring method is that first the cell is 
positioned at the extinction position when applying d.c. 20 V, 
and then voltage is increased from 0 V to 20 V, and the 
intensity of transmitted light is measured. The result is 



shown in Fig. 11. The characteristic values of the present 
invention are indicated by square plots, and a threshold value 
was about 0.8 V. 

The response of the liquid-crystal material when the 
direction of an electric field is inverted was measured. The 
states of the changes in a drive waveform and the contrast are 
shown in Fig. 12. At this time, the drive waveform was a 
square wave of ±3 V and 5 Hz. A response waveform 3 6 in the 
device according to the present invention rapidly rises after 
the polarity of the square wave is inverted, which is of a 
one-step response . 

Further, a dependency of the response of the liquid- 
crystal material on voltage was investigated. The drive 
waveform was a square waveform of 5 Hz. The result is 
indicated by the square plots in Fig. 13. In the cell of the 
present invention, a high response speed of about 1 msec is 
exhibited even in a low voltage region. Also, in logarithmic 
coordinates, voltage and the response speed have a linear 
relationship. That is, the strength of an electric field and 
the response speed always have a given relationship. This 
suggests that the cell of this embodiment operates at the gold 
stone mode. 

Subsequently, the current-to-voltage characteristic 
was investigated by measuring a current flowing between the 
electrodes when a triangular waveform of ±30 V and 5 Hz is 
applied to the liquid-crystal cell. There was no current 
components except for a capacitance component between the 
electrodes and a current flowing when spontaneous polarization 
of the ferroelectric liquid-crystal material is inverted as 
the polarity of the electric field is changed. 



Next, the pulse memory property of the cell was 
investigated. The drive waveform was 200 Jim in pulse width 
and 2 0 ms in frame width. There is substantially no pulse 
memory property. 

5 Also, the optical switching property was investigated 

by applying a pulse of 14V, 1 \ls with a frame duration 16 ms, 
using a driving circuit composed of TFTs externally connected 
to the cell. As a result, an excellent optical response is 
obtained, and the contrast ratio at this time was 120 at the 
10 time of completion of a frame. 

For the purpose of viewing a state of the resin film 
"Q in more detail, the substrates prepared in the above-mentioned 

=n manner was observed by an inter-atomic force microscope (AFM) 

^ after it was cleaned by alcohol. According to this 

l!§ observation, a coating of polymeric resin was formed on the 

l«l surface of the orientation film. Although it depends on the 

;?7 manufacturing conditions, the thickness of the coating was 

about 10 to 3 0 nm, and the coating had minute irregularity. 
]f= There were a portion where a resin film does not almost exist, 

2 0 and a portion where a resin film having a thickness of about 

50 nm exists. 

For comparison, a cell having the same structure 
except that no resin is contained was observed. First, in the 
observation of the switching process using the triangular 
25 waveform, switching accompanied by occurrence of a domain was 

made. Also, as to a dependency of the intensity of 
transmitted light on voltage, a threshold value was about 2 V 
as indicated by circular plots in Fig. 11. Also, the response 
when the polarity of an electric field is inverted had an 

3 0 initial rapid rising as indicated by 37 in Fig. 12, but had a 

slow change from the middle thereof, which was of a two-step 
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response- As a result of investigating a dependency of the 
response speed on voltage, the response speed rapidly becomes 
slow when voltage is 3V or less, as indicated by circular 
plots in Fig. 13, so that a relationship between the strength 
of the electric field and the response speed is not linear. 

Further, as a result of measuring a current-to-voltage 
characteristic, there was observed a peak representing an 
undesired current component caused by electric charges 
contained in the liquid crystal. Also, it was found that the 
current component related to the inversion of the spontaneous 
polarization has a low peak value and a wide width in 
comparison with the device constituted in accordance with the 
present invention, as a result of which it is understood that 
the response speed is lowered. On the other hand, the pulse 
memory property was relatively good. 
(Fourth Embodiment) 

An example of the active matrix drive type device 
providing a crystalline silicon TFT as a switching element for 
each pixel will be described with reference to Fig. 2. 

Formed on a silicon oxide film (not shown in the 
figure) on a Corning 7059 glass plate (300 x 300 mm, thickness 
of 1.1 mm) as a substrate 12 are pixel electrodes 14 formed of 
ITO; and n-channel type crystalline silicon TFT 15 having the 
mobility of 100 (cmWs) which is formed by crystallizing an 
amorphous silicon film by heating at 600 °C for 48 hours under 
a hydrogen reducing atmosphere; signal electrodes and scanning 
electrodes formed of a multi- layer film made of chromium and 
aluminum; and a matrix of 640 x 480 pixels. 

Next, a film of ITO having 1200 A was formed on a 
soda-lime glass substrate as an opposed substrate 11 by a 
sputtering method to provide an opposed electrode. As the 
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electrode material, Sn0 2 (tin oxide) or the like can be also 
used. Further, as the substrate material, inorganic material 
such as glass or quartz, or organic material such as acrylic 
resin or polyethylene resin can be used. 

An orientation film 16 is formed only on the substrate 
on which the opposed electrode is formed to provide the so- 
called one-sided orientation. The orientation film material 
can be made of polyimide or polyamide resin, or resin such as 
polyvinyl alcohol. Polyimide resin is for example, LQ-5200 
(made by Hitachi Kasei) , LP- 64 (made by Toray) , RN-3 05 (made 
by Nissan Chemical) or the like, and in this embodiment, LP-64 
was used. The formation of the orientation film was carried 
out entirely in the same manner as in the first embodiment. 

For the purpose of optically uniaxially orienting the 
liquid-crystal material and arranging the layer of the liquid- 
crystal material normal to or inclined with respect to the 
substrates, the uniaxial orientation controlling force was 
given to the orientation film by the rubbing method. The 
rubbing operation was made likewise as in the usual way, that 
is, the orientation film was rubbed by a roller having a 
diameter of 130 mm on which cloth made of rayon, cotton or the 
like was wound at the rotational speed of 450 to 900 rpm, in 
this embodiment, 450 rpm in one direction. A roll pushing 
height was 0.1 mm and a stage speed was 20 mm/sec. 

It is proper that a substrate interval is 1 to 10 jim, 
and a spacer material is silica, alumina or the like. In this 
embodiment, in order to maintain the cell gap constant, as a 
spacer, silica particles " shinshikyu" (made by Shokubai Kasei) 
having a diameter of 1.5 Jim were spread on the substrate at a 
side where the orientation film is coated. On another 
substrate, for the purpose of fixing the two substrates, a 
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two-liquid epoxy adhesive is printed and coated on the 
periphery of the substrate as a sealing agent through the 
screen printing method, and thereafter the two substrates 
fixedly adhered to each other. 

The mixture of the liquid-crystal material 18 and the 
uncured polymeric resin was injected into the cell. As the 
liquid-crystal material, the ferroelectric liquid crystal of 
phenylpyrimidine was used- The liquid crystal takes a phase 
series of Iso-SmA-SmC*-Cry . As the polymeric resin, an 
ultraviolet curable resin on the market was used. In order to 
prevent the separation of the liquid-crystal material from the 
resin when the mixture is injected, and the polymeric resin 
containing the amount of monomers of 90 % by weight was used 
so that a compatibility between the polymeric resin and the 
liquid-crystal material is heightened. As to the 

concentration of the uncured polymeric resin in the liquid- 
crystal material, since if a large amount of resin is 
contained in the liquid-crystal resin a resin column is 
formed between the upper and lower substrates thereby lowering 
numerical aperture, it is preferable that the amount of resin 
is small, and therefore the uncured polymeric resin was mixed 
with the liquid-crystal material at the ratio of 95 : 5 % by 
weight. The mixture is stirred at the temperature at which it 
comes to the isotropic phase so as to be uniformly mixed with 
each other. The transition point of the mixture from the 
isotropic phase to the SmA phase was lowered by 5 °C more than 
that of only the liquid-crystal material. 

The mixture was injected under vacuum while the 
liquid-crystal cell and mixture were at 100 °C at which the 
mixture exhibits the Iso phase. After the injection, the 
liquid-crystal cell was gradually cooled to the SmC* phase. 

\ 
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If the cell is rapidly cooled to the SmC* phase, a large 
amount of orientation defects occur. For this reason, the 
liquid-crystal cell was gradually cooled at the rate of 2 to 
2 0 °C/hr, in this embodiment, 3 °C/hr as a temperature 
lowering rate. 

The liquid-crystal cell was gradually cooled to the 
room temperature in the above-mentioned method, and the 
orientation state of the cell was observed under the crossed- 
nicol by a polarization microscope. When the stage is turned, 
there was obtained an extinction position at a certain 
rotational angle, that is, a state in which light incident to 
one polarizing plate is not transmitted through the other 
polarizing plate as if the light is interrupted. This 
exhibits that the liquid-crystal material is uniformly 
oriented in such a manner that the orienting vectors of the 
liquid-crystal molecules are oriented in the same direction 
within the layers and over from layer to layer. 

Also, when the stage was turned by about 2 0 ° from the 
extinction state, there was no light leakage caused by 
birefringence in a field of view of a microscope, but black- 
state portions were dotted as they were. This exhibits that 
the resin is separated and deposited in the form of a column. 

Subsequently, for the purpose of curing the polymeric 
resin mixed into the above-mentioned liquid-crystal material, 
ultraviolet radiation was applied thereto. As a light source, 
an Hg-Xe lamp having rated power of 150 W was used. The cell 
was positioned so that an irradiation intensity is 3 to 30 
mW/cm2 7 in this embodiment, 10 mW/cm2, and ultraviolet 
radiation was applied thereto. An irradiation time is 0.5 to 
5 min, in this embodiment, 1 min. 



After ultraviolet radiation was radiated, the 
orientation state of the liquid-crystal cell was observed 
under the polarization microscope in the above-mentioned 
manner. As a result, the orientation state was not almost 
5 changed. An influence of ultraviolet radiation on the 

orientation state was not found. At this time, the resin in 
the form of a column allows the upper and lower substrates to 
adhere to each other so as to prevent a distance between the 
substrates from being enlarged, as a result of which, even 

10 though the liquid crystal is enlarged in area, the layer 

structure of the liquid-crystal material can be prevented from 

KD being destroyed. 

yi The device thus manufactured had the contrast ratio of 

:^ about 120. A triangular wave having a low frequency was 

IS applied between the electrodes, and the switching state was 

r*: observed by a polarization microscope. As a result, a region 

H = to which voltage was applied was uniformly changed in the 

AZ amount of transmitted light without occurrence of a domain. 

]tt Polarizing plates 19 and 2 0 were stuck on both the 

20 substrates, and a driving circuit is connected to the device 

to thereby complete a liquid-crystal electro-optical device • 
Rewrite on one screen is performed for 1/60 second, and the 
magnitude of applied voltage is controlled so that display 
with 256 gradations can be realized. 
25 The substrates prepared in the above-mentioned manner 

was observed by an inter-atomic force microscope (AFM) after 
it was cleaned by alcohol. According to this observation, a 
coating of polymeric resin having a thickness of about 10 to 
3 0 nm was formed on both of the surface of the orientation 
30 film and the surface of the pixel electrodes. 
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Viewing the electrode portion of the liquid-crystal 
cell, by eyes, the existence of the resin cannot be found at 
all. From these results, it can be found that, if the rate of 
the resin material occupying an area of a display portion is 
about 0.1 to 20 %, then it is not inferior to the conventional 
device . 

In this manner, the cell having the uniform inter- 
electrode distance can be manufactured. Even though the 
completed cell is located vertically, the uniformity of 
display or the like could not be recognized at all. The 
deformation of the substrates or the like was not generated, 
and the layer structure of the ferroelectric liquid crystal 
used in this embodiment was not destroyed. 

In this embodiment, as the switching elements 
connected to the pixels, the n-channel type thin- film 
transistor was used. However, it may be of the p-channel 
type, or constituted by a complementary type using the p- 
channel type thin-film transistor and the n-channel type thin- 
film transistor. Also, it may be of a structure using a non- 
linear element such as an MIM diode or the like. 
(Fifth Embodiment) 

In the liquid-crystal electro-optical device of the 
fourth embodiment, display with 32 gradations was performed by 
digital gradation driving. Fig. 14 shows changes of gate 
voltage V G , drain voltage V D , pixel voltage V LC and the 
transmittance T LC of the pixel for one pixel of interest in the 
display method used therein. First, as shown in Fig. 14, one 
frame is constituted by five sub- frames. The durations of the 
respective sub-frames are 0.5 msec in a first sub-frame, 8 
msec in a second sub- frame, 1 msec in a third sub- frame, 4 
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msec in a fourth sub- frame and 2 msec in a fifth sub- frame (In 
Fig. 14, a distance of the respective sub-frames is the same, 
accordingly one frame becomes 15.5 msec. That is, if the 
duration of the first sub-frame is the shortest duration T 0 , 
the durations of the second sub-frame and so on are 16T 0/ 2T 0 , 
8T 0 and 4T 0 , and 32 gradations can be displayed by combination 
of the durations of these five sub-frames. 

Within one sub-frame, first a square pulse signal is 
applied to a scanning line as gate voltage V G to turn on the 
gate electrodes of TFTs for pixels of one line (laterally, 
640) . On the other hand, to signal lines connected to the 
drain electrodes of the respective TFTs, a pulse train 
representing any one of positive and negative states is 
applied as drain voltage V D . The pulse train includes the 
total scanning number in the sub- frame interval, in this 
embodiment, 480 pieces of information, and the respective 
information is synchronous with scanning of each line. 
Scanning is performed for all of 480 lines to determine on- 
state or off -state of all the pixels, to thereby complete one 
sub- frame. As mentioned above, the durations of the 
respective sub-frames are different from each other. During 
the above operation, each pixel is maintained in an on-state 
or in an off-state by keeping the transmittance T LC constant 
regardless of the fact that the pixel potential V LC gradually 
approaches 0 due to natural discharge. In this embodiment, 
the transmittance T^c during the operation is remarkably 

stabilized and not changed even though a time is elapsed, or 
the like. 



In this way, when all the sub-frames are completed, 
the gradation display within one frame can be digitally 
realized. The pulse width of the scanning signal applied to 
the gate electrode of each TFT is set to 2 |J.sec, the wave 
5 height of the pulse is -15 V, and the data signal applied to 

the drain electrode is ±10 V. In this device, the 
irregularity and flicker and the like of display did not 
appear at all, and the contrast ratio of 12 0 was obtained at 
3 2 gradations . 

10 In this case, when the data signal applied to the 

IJ5 drain electrode was set to ± 5 V, it was operated with no 

I trouble . 

y] Also, the gradation display due to the number of 

m frames is not made, one-screen rewrite is performed for 1/60 

iS min to change the strength of an electric field. That is, 

U when 3 2 -gradation display was performed by controlling the 

jj;" magnitude of applied voltage, the gradation was satisfactorily 

H» definitely displayed. 

^ Furthermore, 16 gradations by the number of frames and 

20 16 gradations by applied voltage were displayed thereby being 

capable of performing 256-gradation display. 

In this embodiment, as the switching elements 
connected to the pixels, the n-channel type thin-film 
transistor was used. However, it may be of the p-channel 

25 type, or constituted by a complementary type using the p- 

channel type thin-film transistor and the n-channel type thin- 
film transistor. Also, it may be of a structure using a non- 
linear element such as an MIM diode or the like. 

In this embodiment, as shown in Fig. 15, there was 

30 used a drive system in which one thin-film transistor 15 was 

used for one pixel, TFTs of one line are turned on by applying 
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a signal to a scanning electrode 43 connected with the gate 
electrode of each TFT, and a transmitted or non- transmitted 
signal or a gradation signal is applied by a signal electrode 
44 connected with a source or drain electrode to perform 
display. 

Other than this system, the present invention is 
effective to, for example, a drive system in which rewrite is 
performed every pixel using two TFTS as shown in Fig. 16. 
(Sixth Embodiment) 

In this embodiment, a film made of indium tin oxide 
(ITO) is formed as an electrode on a glass substrate of 10 cmO 
by a sputtering method or a vapor phase deposition method so 
that the film has a thickness of 500 to 2000 A, in this 
embodiment, 1000 A, and then electrodes are patterned in the 
form of a stripe through a usual photolithographic process. 
Polyimide is coated on the substrate by a spin coating method 
and sintered at 2 80 °C . As polyimide, RN-3 05 (made by Nissan 
Chemical) and LP-64 (made by Toray) were used. The thickness 
of polyimide is 100 to 800 A, in this embodiment, 150 A. The 
substrates were subjected to a rubbing process to perform an 
uniaxially orienting process. Silica particles were spread on 
one substrate. On another substrate, sealing material made of 
epoxy resin was formed by the screen printing method. Both 
the substrates have an inter-electrode distance of 1.5 Jim and 
are faced to each other so that the stripe-shape electrodes 
are orthogonal to each other, thereby forming a simple matrix 
type cell having the number of pixels of 640 x 480. 

The liquid-crystal material used in this embodiment is 
CS 1014 which is ferroelectric liquid-crystal made by Chisso 
Corporation. Ps of this liquid crystal is 5.4 nC/cm 2 , and a 



phase series is I (isotropic phase) - N (nematic phase) - A 
(smectic A phase) - C* (smectic C* phase) . 

The resin material used in this embodiment is obtained 
by mixing acrylic monomers on the market having the molecular 
weight of about 150 to 200 with urethane oligomer having the 
molecular weight of about 1500 to 3000 at the ratio of 90 : 10 
% by weight and then mixing them with a reaction initiating 
agent of about 3 % by weight on the market (hereinafter 
referred to as "uncured resin material")*. 

The liquid-crystal material and the uncured resin 
material 5 % were mixed with each other at the ratio of 95 : 5 
% by weight- The mixed resin was heated and stirred to 90 °C 
at which the liquid crystal exhibits the isotropic phase so as 
to be more mixed into the liquid-crystal material. As a 
result, the resin was uniformly mixed into the liquid-crystal 
material . 

The cell and the liquid-crystal mixture were heated at 
90 °C, and then gradually cooled to the room temperature at 2 
to 20 °C/hr, in this embodiment, at 2 °C /hr after the mixture 
was dispersed into the cell. After gradually cooling, the 
orienting state at the room temperature was observed by a 
polarization microscope. Although the resin material which 
was dotted in the cell and column-shaped could be recognized, 
the formation of resin on the substrates could not be 
recognized. However, the orientation of the liquid-crystal 
material, likewise as the liquid-crystal material to which no 
resin is added, was uniaxially oriented along a rubbing 
direction of the orientation film, resulting in an excellent 
extinction position. 

Ultraviolet radiation was applied to the cell in such 
a manner that an irradiation intensity is 3 to 30 mW/cm2 and 



an irradiation time is 0.5 to 5 min, in this embodiment, 20 
mW/cm 2 and 1 min, so that the resin is cured. After 
irradiation of ultraviolet radiation, the liquid crystal was 
also uniaxially oriented along the rubbing direction of the 
orientation film, thus obtaining an excellent extinction 
position. 

As a result of observing a change in the transmitted 
light with a change in applied voltage of the cell, the 
gradation was continuously changed from a dark state to a 
bright state or vice versa, thereby enabling a halftone 
display. Occurrence of a domain could not be recognized 
visually. 

Both the substrates of this cell were separated from 
the cell and were left in an oven at 2 00 °C for 5 hours so 
that liquid crystal was volatilized. Thereafter, as a result 
of observing the substrates by the polarization microscope, it 
was ascertained that it was not polarized, and the resin 
formed on the substrates was observed through SEM. 

Figs . 17A and 17B show SEM photographs representing a 
fine pattern thus formed on the substrates. Fig. 17B is an 
enlargement of Fig. 17A. As shown in the figures, a large 
number of fine protrusions made of resin having a height of 10 
nm and a diameter of 500 nm or less, typically about several 
tens to several hundreds nm were observed. The protrusions 
were wholly uniformly dispersed on the surface thereof, and 
also there were partially portions where a plurality of 
protrusions continued. 

Also, in this embodiment, the number of pixels may be 
set to 1920 x 480, and there may be provided color filters of 
three colors consisting of red, blue and green so that full- 
color display of 640 x 480 can be performed. If it is 256 



gradations, colors of about 1670 ten thousands can be 
displayed. 
(Seventh Embodiment) 

In this embodiment, the structure of a device, resin 
material, a manufacturing method, and a mixing ratio of 
liquid-crystal material and uncured resin material were 
identical with those in the sixth embodiment. The liquid- 
crystal material in this embodiment was ferroelectric liquid 
crystal of biphenyl having Ps of 20.7 nC/cm2 and a phase 
series of I-A-C*. The orienting state of the liquid-crystal 
material of a cell formed was observed under a polarization 
microscope. As a result, likewise as in a case where no resin 
is mixed, the liquid-crystal material was optically uniaxially 
oriented along the rubbing direction of the orientation film, 
resulting in an excellent extinction position. 

As a result of observing a change in the transmitted 
light with a change in applied voltage of the cell, the 
gradation was continuously changed from a dark state to a 
bright state or vice versa, thereby enabling a halftone 
display. Occurrence of a domain could not be recognized 
visually. 

Both the substrates of this cell were separated from 
the cell and were left in an oven at 2 80 °C for 5 hours so 
that liquid crystal was volatilized. Thereafter, as a result 
of observing the substrates by the polarization microscope, it 
was ascertained that it was not polarized, and the resin on 
the substrates was observed through SEM. As a result, a large 
number of fine protrusions made of resin having a height of 
about 3 0 nm and a diameter of about 9 0 run on average were 
observed. 

(Eighth Embodiment) 



In this embodiment, the structure of a device, resin 
material, a manufacturing method, and a mixing ratio of 
liquid-crystal material and uncured resin material were 
identical with those in the sixth embodiment. However, as the 
5 uncured resin material, there was used resin material obtained 

by mixing acrylic monomers on the market having the molecular 
weight of about 100 to 150 with urethane oligomer having the 
molecular weight of about 1000 to 2000 at the ratio of 65 : 35 
% by weight and then mixing them with a reaction initiating 
10 agent of about 3 % by weight on the market, 

y] The orienting state of the liquid-crystal material of 

1*£ a cell formed was observed under a polarization microscope. 

*J2 As a result , likewise as in a case where no resin is mixed, 

s'fj the liquid-crystal material was optically uniaxially oriented 

fiS along the rubbing direction of the orientation film, resulting 

q in an excellent extinction position. 

?~ As a result of observing a change in the transmitted 

»!» light amount with a change in applied voltage of the cell, the 

^ gradation was continuously changed from darkness to brightness 

20 or from brightness to darkness, thereby enabling a halftone 

display between brightness and darkness. Occurrence of a 
domain could not be recognized visually. 

Both the substrates of this cell were separated from 
the cell and were left in an oven at 200 °C for 5 hours so 
25 that liquid crystal was volatilized. Thereafter, as a result 

of observing the substrates by the polarization microscope, it 
was ascertained that it was not polarized, and the resin form 
on the substrates was observed by an SEM. As a result, a 
large number of protrusions made of resin having a height of 
3 0 about 3 0 run and a diameter of about 9 0 nm on average were 

observed. 
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(Ninth Embodiment) 

In this embodiment, an example of the active matrix 
drive type liquid-crystal electro-optical device having a 
crystalline silicon TFT (thin-film transistor) as a switching 
element for each pixel will be described. 

Formed on a silicon oxide film on a Corning 7059 glass 
plate (3 00 x 3 00 mm, thickness of 1.1 mm) as a substrate are 
pixel electrodes formed of ITO; an n-channel type crystalline 
silicon TFT having a mobility of 100 (cm 2 /Vs) which is formed 
by crystallizing an amorphous silicon film by heating at 600 
°C for 48 hours under a hydrogen reducing atmosphere, and 
wiring formed of a multi-layer film made of chromium and 
aluminum or made of aluminum whose surface has been subjected 
to anodic oxidation, and a matrix of 640 x 480 pixels. 

Next, a film of ITO having a thickness of 1200 A was 
formed on a soda-lime glass substrate by a sputtering method 
to provide a counter substrate. As the electrode material, 
Sn0 2 (tin oxide) or the like can be also used. Further, as 
the substrate material, inorganic material such as glass or 
quartz, or organic material such as acrylic resin or 
polyethylene resin can be used. 

An orientation film is formed on only the substrate on 
which the opposed electrode is formed to provide the so-called 
one-sided orientation. The orientation film material can be 
made of polyimide or polyamide resin, or resin such as 
polyvinyl alcohol. Polyimide resin is for example, LQ-5200 
(made by Hitachi Kasei) , LP-64 (made by Toray) , RN-3 05 (made 
by Nissan Chemical) or the like, and in this embodiment, LP-64 
was used. The orientation film was obtained by mixing the 
material with a solvent such as N-methyl-2-pyrolidone or the 
like and then coating the mixture on the substrates by a spin 



coating method. The coated substrate was heated at 250 to 3 00 
°C, in this embodiment, at 280 °C for 2.5 hours so that the 
solvent was dried and the coated film was imidated and cured. 
The thickness of the film after being cured was 300 A. 

For the purpose of optically uniaxially orienting the 
liquid-crystal material and arranging the layer of the liquid- 
crystal material normal to or inclined with respect to the 
substrates, the uniaxial orientation controlling force was 
given to the orientation film by a rubbing method. The 
rubbing operation was made likewise as in the usual way, that 
is, the orientation film was rubbed by a roller having a 
diameter of 13 0 mm on which cloth made of rayon, cotton or the 
like was wound at the rotational speed of 450 to 900 rpm, in 
this embodiment, 450 rpm in one direction. A roll pushing 
height was 0.1 mm and a stage speed was 20 mm/sec. 

It is proper that a substrate interval is 1 to 10 Jim, 
and a spacer material is silica, alumina or the like. In this 
embodiment, in order to maintain the cell gap constant, as a 
spacer, silica particles having a diameter of 1.5 Jim were 
spread on a substrate at a side where the orientation film is 
coated. On another substrate, for the purpose of fixing two 
substrates, a two-liquid epoxy adhesive is printed and coated 
on the periphery of the substrate as a sealing agent through 
the screen printing method, and thereafter the two substrates 
fixedly adhered to each other. 

The mixture of the liquid-crystal material and the 
uncured resin material was injected into the cell. The 
liquid-crystal material used in this embodiment is CS 1014 
which is ferroelectric liquid-crystal made by Chisso 
Corporation. Ps of this liquid crystal is 5.4 nC/cm2, and a 



phase series is I (isotropic phase) - N (nematic phase) - A 
(smectic A phase) - C* (smectic C* phase) . 

The resin material used in this embodiment is obtained 
by mixing commercially available acrylic monomers having the 
molecular weight of about 150 to 200 with urethane olygomers 
having the molecular weight of about 1500 to 3000 at the ratio 
of 9 0 : 10 % by weight and then mixing them with a 
commercially available reaction initiating agent of about 3 % 
by weight. 

The liquid-crystal material and the uncured resin 
material were mixed with each other at the ratio of 95 : 5 % 
by weight. The mixed resin was heated and stirred at 90 °C at 
which the liquid crystal exhibits the isotropic phase so as to 
be more mixed into the liquid-crystal material- As a result, 
the resin was uniformly mixed into the liquid-crystal material 
to provide a liquid-crystal mixture. 

The cell and the liquid-crystal mixture were heated at 
90 °C, and then gradually cooled to the room temperature at 2 
to 20 °C/hr, in this embodiment, at 2 °C /hr after the mixture 
was injected into the cell. After gradually cooling, the 
orienting state at the room temperature was observed by a 
polarization microscope. Although the resin material which 
was dotted in the cell and column-shaped could be recognized, 
the resin form on the substrates could not be recognized. 
However, the orientation of the liquid-crystal material, 
likewise as the liquid-crystal material to which no resin is 
added, was uniaxially oriented along a rubbing direction of 
the orientation film, resulting in an excellent extinction 
position. 

Also, when the stage was turned by about 20 ° from the 
extinction state, there was no light leakage caused by 



birefringence in a field of view of a microscope, but black- 
state portions were dotted as they were. This exhibits that 
the resin is separated and deposited in the form of a column. 

Ultraviolet radiation was applied to the cell in such 
a manner that an irradiation intensity is 3 to 3 0 mW/cm2 and 
an irradiation time is 0.5 to 5 min, in this embodiment, 20 
mW/cm2 and 1 min, so that the resin is cured. After 
irradiation of ultraviolet radiation, the liquid crystal was 
also uniaxially oriented along the rubbing direction of the 
orientation film, thus obtaining an excellent extinction 
position. At this time, the resin in the form of a column 
allows the upper and lower substrates to adhere to each other 
so as to prevent a distance between the substrates from being 
enlarged, as a result of which, even though the liquid crystal 
is enlarged in area, the layer structure of the liquid-crystal 
material can be prevented from being destroyed. 

The switching state of the cell thus manufactured was 
observed by a polarization microscope. As a result, in each 
of pixels, the amount of transmitted light was continuously 
changed without occurrence of a domain. Also, the gradation 
was uniform within a region of each pixel. 

Polarizing plates were stuck on both the substrates, 
and a driving circuit is connected to the device to thereby 
complete a liquid-crystal electro-optical device. Rewrite on 
one screen is performed for 1/60 min, and the magnitude of 
applied voltage is controlled so that' display with 256 
gradations can be realized. 

As a result of observing the substrates prepared by 
the above-mentioned method through SEM, a large number of fine 
protrusions having a height of several tens run and a diameter 
of about several tens to several hundreds nm on both the 



surface of the orientation films and the surface of the pixel 
electrodes were observed. 

In this embod iment , as the switching elements 
connected to the pixels, the n-channel type thin-film 
transistor was used. However, it may be of the p-channel 
type, or constituted by a complementary type using the p- 
channel type thin- film transistor and the n-channel type thin- 
film transistor. Also, it may be of a structure using a non- 
linear element and a thin-film diode such as an MIM diode or 
the like. 

Also, in this embodiment, the number of pixels may be 
set to 1920 x 480, and there may be provided color filters of 
three colors consisting of red, blue and green so that full- 
color display of 640 x 480 can be performed. If it is 256 
gradations, colors of about 1670 ten thousands can be 
displayed. 

(Comparative Example 1) 

This comparative example shows an example in which 
uncured resin material was not mixed in the cell shown in the 
sixth embodiment. 

The orienting state of the liquid-crystal material of 
the cell formed was observed under a polarization microscope. 
As a result, the liquid-crystal material was optically 
uniaxially oriented along the rubbing direction of the 
orientation film, resulting in an excellent extinction 
position. 

As a result of observing a change in the amount of 
transmitted light with a change of applied voltage of the 
cell, switching with only two states of brightness and 
darkness with occurrence of a domain was conducted, and the 
amount of transmitted light was not continuously changed. 



After ultraviolet radiation having an intensity of 20 
mW/cm2, which is the same as that in the sixth embodiment, and 
1 min was applied to the cell, a change in the amount of 
transmitted light was observed while applied voltage was 
5 changed. Similarly, switching with only two states of 

brightness and darkness followed by a domain was made. 
(Comparative Example 2) 

An example in which resin was not cured in the cell 
shown in the sixth embodiment will be described. 
10 Likewise as in the sixth embodiment, a cell was 

Q manufactured, and the mixture of the liquid-crystal material 

O and the uncured resin was injected into the cell. As a result 

of observing the orienting state of the liquid-crystal 
!J1 material of the cell prepared under a polarization microscope, 

Ijjp likewise as in the case where no resin is mixed, the liquid- 

;^ crystal material was uniaxial ly oriented along the rubbing 

J: direction of the orientation film, resulting in an excellent 

extinction position. 
\Q As a result of observing a change in the amount of 

2b transmitted light as applied voltage is changed under the 

condition where the resin is not cured by not applying 
ultraviolet radiation to the cell, switching with only two 
states of brightness and darkness with occurrence of a domain 
was conducted, and the amount of transmitted light was not 
2 5 continuously changed. 

Although the surface of the substrate of the cell was 
observed through SEM in the same manner as in the" sixth 
embodiment, no protrusions constituted by resin was observed. 
(Comparative Example 3 ) 
30 In this comparative example, an example in which the 

mixing ratio of the monomers and the olygomers in the resin 
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material is made different from that in the cell shown in the 
sixth embodiment 6 will be described. 

As the resin material used in this comparative 
example, uncured resin material was obtained by mixing acrylic 
monomers having the molecular weight of about 15 0 to 2 00 with 
urethane olygomers having the molecular weight of about 1500 
to 3 000 at the ratio of 10 : 90 % by weight and then mixing 
them with a reaction initiating agent of about 3 % by weight. 

As a result of observing the orienting state of the 
liquid-crystal material of the cell prepared under a 
polarization microscope, likewise as in the case where no 
resin is mixed, the liquid-crystal material was uniaxially 
oriented along the rubbing direction of the orientation film, 
resulting in an excellent extinction position. 

Ultraviolet radiation was applied to the cell in such 
a manner that an irradiation intensity is 3 to 30 mW/cm2 and 
an irradiation time is 0.5 to 5 min, in this comparative 
example, 2 0 mW/cm2 and 1 min, so that the resin is cured. 
After irradiation of ultraviolet radiation, the liquid crystal 
was also uniaxially oriented along the rubbing direction of 
the orientation film, thus obtaining an excellent extinction 
position. As a result of observing a change in the amount 

of transmitted light with a change of applied voltage of the 
cell, switching with only two states of brightness and 
darkness with occurrence of a domain was conducted, and the 
amount of transmitted light was not continuously changed. 

Although the surface of the substrate of the cell was 
observed by an SEM, likewise as in the sixth embodiment, 
protrusions constituted by resin as in the sixth embodiment 
was not almost observed, and the state of the surface was very 
flat. 



* 



As described above, the liquid-crystal electro-optical 
device in accordance with the present invention can perform 
high speed, multi-gradation, high resolution, low-voltage 
drive and an increase of its area, and also such an device can 
5 be readily manufactured. Further, the present invention can 

provide the liquid-crys tal electro-optical device which is 
satisfactorily excellent and proper for a display unit which 
displays high-quality image such as high vision or the like. 

In the above-mentioned embodiments, ferroelectric 
10 liquid crystal is used, however, antif erroelectric liquid 

crystal can be also used likewise. 
13 The foregoing description of a preferred embodiment of 

the invention has been presented for purposes of illustration 
m and description. It is not intended to be exhaustive or to 

fiS limit the invention to the precise form disclosed, and 

iU modifications and variations are possible in light of the 

•-f above teachings or may be acquired from practice of the 

jz invention. The embodiment was chosen and described in order 

;f- ! to explain the principles of the invention and its practical 

20 application to enable one skilled in the art to utilize the 

invention in various embodiments and with various 
modifications as are suited to the particular use 
contemplated. It is intended that the scope of the invention 
be defined by the claims appended hereto, and their 
25 equivalents. 
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